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IMAGE FORMING APPARATUS IMAGE
FORMING METHOD AND IMAGE SENSOR

This is a continuation of International Application No.
PCT/IP2014/002987, with an international filing date of Jun.
5, 2014, which claims priority of Japanese Patent Application
No. 2013-119692, filed on Jun. 6, 2013 and Japanese Patent
Application No. 2013-121123, filed on Jun. 7, 2013, the
contents of which are hereby incorporated by reference.

BACKGROUND

1. Technical Field

The present application relates to an image forming appa-
ratus, image forming method and image sensor.

2. Description of the Related Art

A two-dimensional image sensor in which a lot of photo-
electric conversion sections are arranged in columns and rows
within its imaging surface has been used as an image sensor
for an image capture device. Each of those photoelectric
conversion sections is typically a photodiode which has been
formed on a semiconductor layer or on a semiconductor sub-
strate, and generates electric charges based on the light inci-
dent thereon. The resolution of the two-dimensional image
sensor depends on the arrangement pitch or density of the
photoelectric conversion sections on the imaging surface.
However, since the arrangement pitch of the photoelectric
conversion sections has become almost as short as the wave-
length of visible radiation, it is very difficult to further
increase the resolution.

An image captured by the image sensor is comprised of a
lot of pixels, each of which is defined by a unit region includ-
ing a single photoelectric conversion section. Since there is an
area to be occupied by wiring on the imaging surface, the
photosensitive area R2 of a single photoelectric conversion
section is smaller than the area R1 of a single pixel. The ratio
(R2/R1) of the photosensitive area R2 to the area R1 of each
pixel is called an “aperture ratio”, which may be approxi-
mately 25%, for example. If the aperture ratio is low, the
amount of light that can be used for photoelectric conversion
decreases, and therefore, the quality of a pixel signal to be
output by the image sensor declines. However, by adopting a
configuration in which an array of micro lenses is arranged to
face the imaging surface and in which each of those micro
lenses faces, and converges light onto, its associated photo-
electric conversion section, the photosensitive area R2 can be
increased so effectively that the aperture ratio (R2/R1) can be
raised to the vicinity of one. Nevertheless, even if the aperture
ratio (R2/R1) is increased in this manner, the arrangement
pitch and arrangement density of pixels do not increase, and
therefore, the resolution does not change.

Japanese Patent Gazette for Opposition No. H5-2033 and
Japanese Laid-Open Patent Publication No. S62-137037 dis-
close techniques for increasing the resolution of an image
capture device using a plurality of image sensors.

SUMMARY

However, it is difficult to form a high-resolution image
using a plurality of image sensors. There is a demand for a
new technique for increasing the resolution.

In one general aspect, an image forming apparatus dis-
closed herein includes: a light source which irradiates an
object with light and of which the orientation and position are
fixed; atilting mechanism which tilts the object at multiple tilt
angles; an image sensor which is arranged at a position where
the light that has been transmitted through the object is inci-
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dent, gets tilted along with the object by the tilting mecha-
nism, and captures a plurality of images at the multiple tilt
angles; and an image processing section which forms a high-
resolution image of the object, having a higher resolution than
any of the plurality of images, by synthesizing the plurality of
images together.

According to embodiments of the present disclosure, reso-
Iution enhancement can be achieved by synthesizing together
a plurality of low-resolution images that have been captured
by a single image sensor.

These general and specific aspects may be implemented
using a system, a method, a computer program, a computer-
readable recording medium, and an image sensor, and any
combination of systems, methods, computer programs, com-
puter-readable recording media, and image sensors.

Additional benefits and advantages of the disclosed
embodiments will be apparent from the specification and
Figures. The benefits and/or advantages may be individually
provided by the various embodiments and features of the
specification and drawings disclosure, and need not all be
provided in order to obtain one or more of the same.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a plan view schematically illustrating an exem-
plary arrangement of photodiodes in an image sensor.

FIG. 2 is a plan view schematically illustrating the relation
between a single pixel and an aperture area in an image
sensor.

FIG. 3 is a cross-sectional view schematically illustrating
the relation between a single pixel and an aperture area in an
image sensor.

FIG. 4A is across-sectional view schematically illustrating
an exemplary configuration and operation of an image form-
ing apparatus according to the present disclosure.

FIG. 4B is a cross-sectional view schematically illustrating
an exemplary configuration and operation of an image form-
ing apparatus according to the present disclosure.

FIG. 5A illustrates an exemplary illumination unit for an
image forming apparatus according to the present disclosure.

FIG. 5B illustrates another exemplary illumination unit for
an image forming apparatus according to the present disclo-
sure.

FIG. 5C illustrates still another exemplary illumination
unit for an image forming apparatus according to the present
disclosure.

FIG. 6 illustrates yet another exemplary illumination unit
for an image forming apparatus according to the present
disclosure.

FIG. 7 is a cross-sectional view illustrating how a light ray
may be incident on an image sensor according to the present
disclosure.

FIG. 8 is a cross-sectional view illustrating how light rays
may also be incident on an image sensor according to the
present disclosure.

FIG.9A is a plan view illustrating a portion of an object 30.

FIG. 9B is a plan view schematically illustrating only some
of'a huge number of photodiodes 40 of the image sensor 113
by extracting six of them which contribute to capturing the
region shown in FIG. 9A.

FIG. 10A is a cross-sectional view schematically showing
one example of the direction in which light rays transmitted
through the object 30 are incident on photodiodes 40.

FIG.10B is a plan view schematically illustrating an exem-
plary arrangement of six photodiodes 40 of interest.

FIG. 10C illustrates schematically six pixels 300a repre-
senting image portions captured by those six photodiodes 40.
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FIG. 11A is a cross-sectional view schematically showing
another example of the direction in which light rays transmit-
ted through the object 30 are incident on photodiodes 40.

FIG.11Bis a plan view schematically illustrating an exem-
plary arrangement of six photodiodes 40 of interest.

FIG. 11C illustrates schematically six pixels 3005 repre-
senting image portions captured by those six photodiodes 40.

FIG. 12A is a cross-sectional view schematically showing
still another example of the direction in which light rays
transmitted through the object 30 are incident on photodiodes
40.

FIG.12B is a plan view schematically illustrating an exem-
plary arrangement of six photodiodes 40 of interest.

FIG. 12C illustrates schematically six pixels 300¢ repre-
senting image portions captured by those six photodiodes 40.

FIG. 13A is a cross-sectional view schematically showing
yet another example of the direction in which light rays trans-
mitted through the object 30 are incident on photodiodes 40.

FIG.13Bis a plan view schematically illustrating an exem-
plary arrangement of six photodiodes 40 of interest.

FIG. 13C illustrates schematically six pixels 3004 repre-
senting image portions captured by those six photodiodes 40.

FIG. 14 illustrates schematically how a high-resolution
image 600 is generated by synthesizing four images 60a, 605,
60c, and 604 together.

FIG. 15A is a combined cross-sectional view schemati-
cally showing light rays shown in FIG. 10A and light rays
shown in FIG. 11A.

FIG.15B is a plan view schematically illustrating an exem-
plary arrangement of six photodiodes 40 of interest.

FIG. 15C is an example of a synthesized image of two
images 60a and 6056 that have been captured in respective
appropriate irradiation directions.

FIG. 16A is a combined cross-sectional view schemati-
cally showing light rays of which directions are not adjusted
appropriately.

FIG.16B is a plan view schematically illustrating an exem-
plary arrangement of six photodiodes 40 of interest.

FIG. 16C is an example of a synthesized image of two
images 60a and 605 that have been captured in inappropriate
irradiation directions.

FIG. 17 is a block diagram showing an example of general
configuration for an image forming apparatus according to a
first embodiment.

FIG. 18 is a cross-sectional view illustrating how an erroris
caused in the point of incidence of a light ray due to a posi-
tional shift of a light source in an image forming apparatus
according to the first embodiment.

FIG. 19 shows exemplary positions of light sources in an
image forming apparatus according to the first embodiment.

FIG. 20 is a cross-sectional view illustrating how the point
of incidence of a light ray shifts due to the spread of a light
beam which has been emitted from a point light source in an
image forming apparatus according to the first embodiment.

FIG. 21A is a flowchart showing an exemplary procedure
in which an image forming apparatus according to the first
embodiment operates.

FIG. 21B is a flowchart showing another exemplary pro-
cedure in which an image forming apparatus according to the
first embodiment operates.

FIG. 21C is a flowchart showing still another exemplary
procedure in which an image forming apparatus according to
the first embodiment operates.

FIG. 22 illustrates a calibration sample and its arrangement
in an image forming apparatus according to the first embodi-
ment.
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FIG. 23 illustrates a situation where a cover glass has been
inserted into an image forming apparatus according to the
first embodiment.

FIG. 24 is a cross-sectional view illustrating other exem-
plary directions in which light rays may also be incident on an
image forming apparatus according to the first embodiment.

FIG. 25 illustrates an exemplary arrangement of light
sources in an image forming apparatus according to a second
embodiment of the present disclosure.

FIG. 26 illustrates an example of the relative positions of
light rays incident on an object with respect to photodiodes in
an image forming apparatus according to the second embodi-
ment.

FIG. 27 illustrates an exemplary image obtained by an
image forming apparatus according to the second embodi-
ment.

FIG. 28 illustrates an exemplary image obtained by an
image forming apparatus according to the second embodi-
ment.

FIG. 29 is a plan view schematically illustrating the relative
arrangement of some area of an object put on an image sensor
with respect to a portion of the imaging surface located under
that area to show how an image forming apparatus according
to the second embodiment performs accuracy improvement
processing.

FIG. 30 illustrates a modified example with a holder which
holds an object of shooting and an image sensor in an attach-
able and removable state.

FIG. 31 illustrates another modified example with a holder
which holds an object of shooting and an image sensor in an
attachable and removable state.

FIG. 32 illustrates still another modified example with a
holder which holds an object of shooting and an image sensor
in an attachable and removable state.

FIG. 33 illustrates yet another modified example with a
holder which holds an object of shooting and an image sensor
in an attachable and removable state.

FIG. 34 illustrates yet another modified example with a
holder which holds an object of shooting and an image sensor
in an attachable and removable state.

FIG. 35 illustrates yet another modified example with a
holder which holds an object of shooting and an image sensor
in an attachable and removable state.

FIG. 36 illustrates yet another modified example with a
holder which holds an object of shooting and an image sensor
in an attachable and removable state.

FIG. 37 illustrates yet another modified example with a
holder which holds an object of shooting and an image sensor
in an attachable and removable state.

FIG. 38 illustrates yet another modified example with a
holder which holds an object of shooting and an image sensor
in an attachable and removable state.

FIG. 39 illustrates yet another modified example with a
holder which holds an object of shooting and an image sensor
in an attachable and removable state.

FIG. 40 illustrates yet another modified example with a
holder which holds an object of shooting and an image sensor
in an attachable and removable state.

FIG. 41 illustrates yet another modified example with a
holder which holds an object of shooting and an image sensor
in an attachable and removable state.

FIG. 42 illustrates yet another modified example with a
holder which holds an object of shooting and an image sensor
in an attachable and removable state.

FIG. 43 illustrates an exemplary overall configuration for a
specimen management apparatus according to a third
embodiment of the present disclosure.
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FIG. 44 is a cross-sectional view of an exemplary sample
image capture device according to the third embodiment of
the present disclosure.

FIG. 45 is ablock diagram showing an exemplary configu-
ration for a specimen management apparatus according to the
third embodiment of the present disclosure.

FIG. 46 is a flowchart showing an exemplary procedure of
specimen management method according to the third
embodiment of the present disclosure.

FIG. 47 is a block diagram illustrating an exemplary
detailed configuration for a sample image capture device
according to the third embodiment of the present disclosure.

FIG. 48 is a flowchart showing an exemplary procedure in
which a sample image capture device operates according to
the third embodiment of the present disclosure.

FIG. 49A illustrates an exemplary configuration for an
illuminating direction adjusting section according to the third
embodiment of the present disclosure.

FIG. 49B illustrates another exemplary configuration for
an illuminating direction adjusting section according to the
third embodiment of the present disclosure.

FIG. 50A illustrates how a sample image capture device
operates (i.e., how the illuminating direction changes)
according to the third embodiment of the present disclosure.

FIG. 50B illustrates how a sample image capture device
operates (i.e., how the illuminating direction changes)
according to the third embodiment of the present disclosure.

FIG. 51 is a perspective view illustrating the relative
arrangement of a sample with respect to an image sensor
according to the third embodiment of the present disclosure.

FIG. 52A shows an exemplary matrix indicating the rela-
tion between the illuminating direction and the amount of
light incident on a sensor according to the third embodiment
of the present disclosure.

FIG. 52B shows an exemplary matrix indicating the rela-
tion between the illuminating direction and the amount of
light incident on a sensor according to the third embodiment
of the present disclosure.

FIG. 53 illustrates an exemplary image captured by observ-
ing a pathological sample at a high zoom power (i.e., at a high
resolution).

FIG. 54 illustrates an exemplary image captured by observ-
ing a pathological sample at a low zoom power (i.e., at a low
resolution).

FIG. 55 shows exemplary contents of a database according
to the third embodiment of the present disclosure.

FIG. 56 shows an example in which by assigning an ID to
each individual patient, pieces of sample information about
the same patient in different stains are stored in association
with each other according to the third embodiment of the
present disclosure.

FIG. 57A illustrates exemplary sample obtained by stain-
ing the same patient in different colors.

FIG. 57B illustrates exemplary sample obtained by stain-
ing the same patient in different colors.

FIG. 58A illustrates how a sample image capture device
operates according to a fourth embodiment of the present
disclosure.

FIG. 58B illustrates how a sample image capture device
operates (how the sample is moved) according to a fourth
embodiment of the present disclosure.

FIG. 59 is a block diagram illustrating an exemplary
detailed configuration for a sample image capture device
according to the fourth embodiment of the present disclosure.
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6
DETAILED DESCRIPTION

Before embodiments of an image forming apparatus
according to the present disclosure are described, an exem-
plary basic configuration for an image sensor will be
described.

FIG. 1 is a plan view schematically illustrating a portion of
the imaging surface of a CCD image sensor which is an
exemplary image sensor 113. As shownin FIG. 1, a number of
photodiodes (photoelectric conversion sections) 40 are
arranged in columns and rows on the imaging surface. In FIG.
1, a single pixel 50 is indicated by the dotted rectangle. On the
imaging surface, a lot of pixels 50 are densely arranged in
columns and rows.

The light that has been incident on each photodiode 40
generates electric charges inside the photodiode 40. The
amount of the electric charges generated varies according to
the amount of the light that has been incident on that photo-
diode 40. The electric charges generated by each photodiode
40 move to, and are sequentially transferred through, a verti-
cal charge transfer path 44 which runs vertically to enter a
horizontal charge transfer path 46. Next, the electric charges
are transferred through the horizontal charge transfer path 46
which runs horizontally and are output as a pixel signal to a
device outside of this image sensor 113 through one end of the
horizontal charge transfer path 46. Although not shown,
transfer electrodes are arranged on these charge transfer paths
44 and 46. It should be noted that the image sensor 113 foruse
in an image forming apparatus according to the present dis-
closure does not have to have this configuration. For example,
the CCD image sensor may be replaced with an MOS image
sensor.

In the imaging surface, the vertical arrangement pitch of
the photodiodes 40 does not have to agree with their horizon-
tal arrangement pitch. In this description, however, the verti-
cal and horizontal arrangement pitches of the photodiodes 40
are supposed to be equal to each other and are both supposed
to be K [um] for the sake of simplicity.

FIG. 2 is a plan view schematically illustrating a single
pixel 50 and a photodiode 40 included in the pixel 50. In this
example, the size of each pixel is K [um]xK [pm], and the size
of the photodiode 40 (i.e., the size of its photosensitive area)
is P [um]xP [um]. Thus, the area of a single pixel is given by
R1=KxK and the area of a single photodiode 40 is given by
R2=PxP (where “x” denotes multiplication). It should be
noted that the resolution is determined in this embodiment by
the size of the photodiode 40 (i.e., the size of its photosensi-
tive area), not by the pixel pitch. Considering the wavelength
of'visible radiation for use as illuminating light, however, the
size P of the photodiode 40 according to this embodiment
may be set to be equal to or greater than 0.1 pm.

In the image forming apparatus of the present disclosure,
no micro lenses are provided for each photodiode 40. That is
why the rest of each pixel 50 other than the photosensitive
area (i.e., the area with the size PxP) of the photodiode 40 is
an opaque area. The light incident on the opaque area is not
converted into electric charge and does not generate any pixel
signal, either. The photosensitive area indicated by P [um]xP
[um] may be called an “aperture area”. The location, shape
and size of the photodiode 40 in each pixel 50 do not have to
be the exemplary ones illustrated in FIG. 2.

The pixel region and photodiode typically have a rectan-
gular shape on the imaging surface. In that case, supposing n
and m are real numbers which are greater than one, the ratio
of'the photodiode’s size to the pixel region’s size as measured
horizontally in the imaging surface can be represented by
(1/n), and the ratio of the photodiode’s size to the pixel
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region’s size as measured vertically in the imaging surface
can be represented by (1/m). Then, the aperture ratio can be
represented by (1/n)x(1/m), where n and m may both be real
numbers which are equal to or greater than two.

FIG. 3 is a cross-sectional view schematically illustrating
an exemplary cross-sectional structure for a single pixel 50
included in the image sensor 113. As shown in FIG. 3, the
image sensor includes a semiconductor substrate 400, a pho-
todiode (PD) 40 which has been formed on the surface of the
semiconductor substrate 400, an interconnect layer 402 sup-
ported on the semiconductor substrate 400, an opaque layer
42 which covers the interconnect layer 402, and a transparent
layer 406 which covers the light incident side of the semicon-
ductor substrate 400. Since FIG. 3 illustrates a cross section of
aportion corresponding to a single pixel, only one photodiode
40 is shown in FIG. 3. Actually, however, a huge number of
photodiodes 40 are arranged on the single semiconductor
substrate 400. If the image sensor 113 is a CCD image sensor,
a doped layer (not shown) functioning as a vertical or hori-
zontal charge transfer path is provided under the interconnect
layer 402 in the semiconductor substrate 400. The intercon-
nect layer 402 is connected to an electrode (not shown) which
is arranged on the charge transfer path. If the image sensor
113 is an MOS image sensor, MOS transistors (not shown)
are arranged on a pixel-by-pixel basis on the semiconductor
substrate 400. Each of those MOS transistors functions as a
switching element to extract electric charges from its associ-
ated photodiode 40.

Every component of the image sensor 113 but the photo-
diode 40 is covered with the opaque layer 42. In the example
illustrated in FIG. 3, the region covered with the opaque layer
42 is filled in black.

The image sensor for use in this embodiment does not have
to have such a configuration but may also be a CCD or MOS
image sensor of a backside illumination type, for example.

Next, an exemplary general configuration for an image
forming apparatus according to the present disclosure will be
described with reference to FIGS. 4A and 4B.

The image forming apparatus illustrated in FIGS. 4A and
4B includes an illumination unit 111 which sequentially
emits illuminating light beams from multiple different light
source directions (irradiation directions) with respect to an
object (i.e., object of shooting) 30 and irradiates the object 30
with the illuminating light beams, and an image sensor 113
which is arranged at a position where the illuminating light
beams that have been transmitted through the object 30 are
incident and which captures a plurality of different images in
the multiple different light source directions, respectively.
This image forming apparatus further includes an image pro-
cessing section 12 which synthesizes together the plurality of
images that have been captured in the multiple different light
source directions. This image processing section 12 can form
a high-resolution image of the object which has a higher
resolution than any of the plurality of images provided by the
image sensor 113. The image processing section 12 may be
implemented as either a general-purpose computer or a dedi-
cated computer.

When the image sensor 113 is going to capture a first image
(see FIG. 4A), the illuminating unit 111 makes an illuminat-
ing light beam incident on the object 30 from a first direction.
On the other hand, when the image sensor 113 is going to
capture a second image (see FIG. 4B), the illuminating unit
111 makes an illuminating light beam incident on the object
30 from a second direction. Among the light rays illustrated in
FIGS. 4A and 4B, the ones incident on the opaque layer 42 are
not used to capture any image. In other words, only the light
rays that have been incident on the photodiode 40 are used to
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capture images among the light rays that have been emitted
from the illuminating unit 111.

Ifthe direction in which an incoming light beam is incident
on the object 30 changes, the light beam may have been
transmitted through different regions of the object 30 before
being incident on the photodiode 40. According to the present
disclosure, by adjusting the direction in which the illuminat-
ing light beam is incident on the object 30, images represent-
ing respectively different portions of the object 30 can be
captured. It should be noted that the object 30 that can be shot
by the image forming apparatus of the present disclosure is a
matter, at least a part of which is a region that can transmit a
light beam. For example, the object 30 may be a slide plate
including a pathological sample with a thickness of several
um. The object 30 does not have to have a plate shape but may
also be powder or liquid as well. When measured along a
normal to the imaging surface, the object 30 may have a size
of'a few ten um or less, for example.

Next, a first exemplary configuration for the illumination
unit 111 will be described with reference to FIGS. 5A, 5B and
5C.

The illumination unit 111 with this first exemplary con-
figuration includes a plurality of light sources (illuminating
light sources) 10a, 105 and 10¢, which are arranged at respec-
tively different positions corresponding to multiple different
light source directions and are turned ON sequentially. For
example, when the light source 10a is turned ON, light is
emitted from the light source 104 and irradiates the object 30
as shown in FIG. 5A. In FIGS. 5A to 5C, the light emitted
from the light sources 10a, 105 and 10c¢ is illustrated as if the
light was diverging. Actually, however, the distances from the
light sources 10a, 105 and 10c to the image sensor 113 are so
long that the light incident on the object 30 and image sensor
113 may be regarded as substantially parallel. Optionally, the
light radiated from the light sources 10a, 1056 and 10c¢ may
also be converged by an optical system such as a lens (not
shown) into a parallel light beam or a quasi-parallel light
beam. That is why the light sources 10qa, 105 and 10¢ may be
either point light sources or surface-emitting light sources.
The object 30 is put on the upper surface of the image sensor
113. The upper surface of the image sensor 113 is indicated by
the dashed line in FIG. 5A and functions as an object sup-
porting portion 112.

First, an image is captured by the image sensor 113 while
the object 30 is irradiated with the light emitted from the light
source 10a. Next, the light source 105, for example, is turned
ON and the light sources 10a and 10c¢ are turned OFF. In this
case, light is emitted from the light source 105 and irradiates
the object 30 as shown in FIG. 5B. In such a state, an image is
captured by the image sensor 113 while the object 30 is
irradiated with the light emitted from the light source 105.
Next, the light source 10c¢ is turned ON and the light sources
10a and 105 are turned OFF. In this case, light is emitted from
the light source 10c and irradiates the object 30 as shown in
FIG. 5C. In such a state, another image is captured by the
image sensor 113.

Inthe examples illustrated in FIGS. 5A to 5C, the object 30
is irradiated with light beams coming from three different
light source directions, and an image is captured every time
the object 30 is irradiated with a light beam. Thus, three
images are captured in total. However, the number of light
sources that the illumination unit 111 has does not have to be
three. Optionally, multiple light sources with respectively
different emission wavelengths may be arranged close to each
other in the same light source direction. For example, if light
sources which emit red, green and blue light beams (which
will be hereinafter referred to as “RGB light sources”) are
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arranged at and near the position of the light source 10a
shown in FIG. 5A, three images can be captured by sequen-
tially radiating the red, green and blue light beams in the state
shown in FIG. 5A. And once those three images are captured,
a full-color image can be obtained just by superposing those
images one upon the other. These images are time-sequential
color images.

It should be noted that the wavelength of the light sources
that the illumination unit 111 has does not have to fall within
the visible radiation range but may also fall within the infra-
red or ultraviolet range as well.

Alternatively, white light may be emitted from each of
those light sources. Still alternatively, cyan, magenta and
yellow light beams may be emitted from those light sources.

Next, look at FIG. 6, which schematically illustrates a
second exemplary configuration for the illumination unit 111.
In the exemplary configuration shown in FIG. 6, the illumi-
nation unit 111 includes at least one light source 10 which is
supported so as to be movable to any direction. By moving
this light source 10, light can be emitted from any of multiple
light source directions and can irradiate the object 30.

It should be noted that even in the examples illustrated in
FIGS. 5A to 5C, the light sources 10a, 105 and 10c¢ do not
have to be fixed at particular positions but may also be sup-
ported movably. Alternatively, a light beam emitted from a
single fixed light source 10 may have its optical path changed
by an actuated optical system such as a movable mirror so as
to be incident on the object 30 from a different direction.

In the examples illustrated in FIGS. 5A to 5C and in the
example illustrated in FIG. 6, the light source direction is
supposed to change within a plane which is parallel to the
paper. However, the light source direction may also define a
tilt angle with respect to that plane.

Next, directions in which illuminating light beams are inci-
dent will be described with reference to FIGS. 7 and 8. In FIG.
7,shown on the same drawing are two light beams which have
come from two different directions to be incident on the
central photodiode 40 of interest. This means that the respec-
tive image capturing states shown in FIGS. 5A and 5B are
illustrated on the same drawing for convenience sake. In the
example illustrated in FIG. 7, the light source directions are
adjusted so that two light beams that have been transmitted
through two adjacent regions of the object 30 are incident on
the same photodiode 40. If the direction in which the light
beam emitted from the light source 105 shown in FIG. 5B is
incident on the object 30 (i.e., its angle and azimuth of inci-
dence) is inappropriate, then not both of the two light beams
transmitted through those adjacent regions of the object 30
will be incident on the same photodiode 40.

As shown in FIG. 7, if an object 30 is shot with light beams
that have been incident on the object 30 from multiple differ-
ent directions, the amount of information about pixels to be
sampled spatially from the object 30 can be increased. This
means that by simply adding together the two images cap-
tured with such light beams coming from two different direc-
tions as shown in FIG. 7, a high-resolution image can be
obtained as a synthetic image.

It should be noted that even if light beams have come from
multiple different directions to be incident on, and transmit-
ted through, the object 30, those light beams do not always
have to be incident on the same photodiode 40. The light
source directions may be adjusted so that light beams trans-
mitted through two adjacent regions of the object 30 are
incident on two different photodiodes 40 as shown in FIG. 8,
for example.

In FIGS. 7 and 8, also shown are the interval L between the
imaging surface and the object 30 and the pixel pitch K. The
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angle of incidence 0 of a light beam may be expressed by L,
K and other parameters. This respect will be described later.

Next, it will be described with reference to FIGS. 9A
through 16C how to generate a high-resolution image in
principle by synthesizing together a plurality of images which
have been captured by irradiating the object 30 with light
beams that have come from multiple different directions. In
this example, each pixel of the image sensor 113 is supposed
to have an aperture ratio of 25% and the object 30 is supposed
to be irradiated with light beams coming from four different
directions.

Firstofall, look at FIGS.9A and 9B. FIG. 9A is a plan view
illustrating a portion of the object 30. FIG. 9B is a plan view
schematically illustrating only some of a huge number of
photodiodes 40 of the image sensor 113 by extracting six of
them which contribute to capturing the region shown in FI1G.
9A. According to the present disclosure, an image of the
object 30 is captured with substantially parallel light rays
transmitted through the object 30. There is no need to provide
any imaging lens between the object 30 and the image sensor
113, and the object 30 may be arranged close to the image
sensor 113. The interval between the imaging surface of the
image sensor 113 and the object 30 is typically 1 mm or less
and may be set to be approximately 1 pum, for example.
Although the entire object 30 is actually shot by a huge
number (which is far greater than six) of photodiodes 40, only
six of those photodiodes 40 are shown in FIG. 9B for the sake
of simplicity.

Next, take a look at FIGS. 10A to 10C. FIG. 10A is a
cross-sectional view schematically showing the direction in
which light rays transmitted through the object 30 are inci-
dent on photodiodes 40. FIG. 10B is a plan view schemati-
cally illustrating an exemplary arrangement of six photo-
diodes 40 of interest. And FIG. 10C illustrates schematically
six pixels 300a representing image portions captured by those
six photodiodes 40. Each of these pixels 300a has a value
(pixel value) representing the amount of light that has been
incident its associated photodiode 40. In this example, an
image 60q is formed of the pixels 3004 shown in FIG. 10C.

Next, take a look at FIGS. 11A to 11C. FIG. 11A is a
cross-sectional view schematically showing the direction in
which light rays transmitted through the object 30 are inci-
dent on photodiodes 40. FIG. 11B is a plan view schemati-
cally illustrating an exemplary arrangement of six photo-
diodes 40 of interest just like FIG. 10B. And FIG. 11C
illustrates schematically six pixels 3005 representing image
portions captured by those six photodiodes 40. An image 605
is formed of the pixels 3005 shown in FIG. 11C.

Comparing FIGS. 10A and 11 A to each other, it can be seen
that by appropriately adjusting the direction in which the
incoming light rays are incident on the object 30, the regions
of the object 30 that the light rays have been transmitted
through before being incident on the photodiodes 40 in the
state shown in FIG. 10A can be different from in the state
shown in FIG. 11A. As a result, the images 60a and 605
shown in FIGS. 10C and 11C can include pieces of informa-
tion about pixels corresponding to different portions of the
object 30.

Next, take a look at FIGS. 12A through 13C. FIGS. 12A
and 13 A are cross-sectional views each schematically show-
ing the directions in which light rays transmitted through the
object 30 are incident on photodiodes 40. In these examples,
the light rays are tilted in a direction with respect to a normal
to the imaging surface, in a manner of coming out of the plane
of the figure. FIGS. 12B and 13B are plan views each sche-
matically illustrating an exemplary arrangement of six pho-
todiodes 40 of interest. And FIGS. 12C and 13C each illus-
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trate schematically six pixels 300c, 3004 representing image
portions captured by those six photodiodes 40. An image 60c
is formed of the pixels 300c¢ shown in FIG. 12C. And an image
604 is formed of the pixels 3004 shown in FIG. 13C.

FIG. 14 illustrates schematically how a high-resolution
image 600 is generated by synthesizing the four images 60a,
605, 60c, and 60d together. The number of pixels (or pixel
density) of the high-resolution image 600 is four times as
large as the number of pixels (or pixel density) of any of those
four images 60a, 605, 60c, and 60d. Since the image sensor
113 has an aperture ratio of 25% in this example, the resolu-
tion can be increased fourfold at maximum by irradiating the
object with those four light beams coming from four different
directions. Speaking more generally, supposing N is an inte-
ger which is equal to or greater than two, if the aperture ratio
of the image sensor 113 is approximately equal to 1/N, the
resolution can be increased N fold at maximum.

It will be advantageous that the object 30 does not move or
get deformed while those low-resolution images are captured
with the direction of the illuminating light beam being
changed.

Next, look at FIGS. 15A through 16C. FIG. 15A illustrates
the respective states shown in FIGS. 10A and 11A in combi-
nation. In the state shown in FIG. 15 A, the directions in which
the light beams are incident on the object 30 are adjusted
appropriately. That is why as shown in FIG. 15C, the two sets
of pixels 300a and 3005 in the two superposed images 60a
and 6054 represent mutually different regions of the object 30
without overlapping with each other.

FIGS. 16A, 16B and 16C correspond to FIGS. 15A, 15B
and 15C, respectively. In the state shown in FIG. 16A, how-
ever, the directions in which the light beams are incident on
the object 30 are not adjusted appropriately. As a result, as
shown in FI1G. 16C, the two sets of pixels 300a and 3005 in the
two superposed images 60a and 605 partially pertain to iden-
tical regions the object 30. As can be seen from the foregoing
description, it is beneficial to set appropriately the directions
in which the light beams are incident on the object 30. Also,
to prevent unnecessary light other than illuminating light
beams from entering the object 30 at least during an image
capturing session, the object 30 and the image sensor 113 may
be surrounded with walls that shut out external light.

Embodiments of the present disclosure will now be
described in further detail.

Embodiment 1

An image forming apparatus as a first embodiment of the
present disclosure will be described with reference to FIG.
17, which is a block diagram showing an example of configu-
ration for an image forming apparatus according to this
embodiment. As shown in FIG. 17, this image forming appa-
ratus 1 includes an image capturing processing section 11
with an illuminating function and an image capturing func-
tion, an image processing section 12 which generates and
outputs a high-resolution image based on low-resolution
images obtained by the image capturing processing section
11, and a storage device 13 which stores light source position
information and the low-resolution image.

The image capturing processing section 11 includes the
illumination unit 111, the object supporting portion 112, the
image sensor 113, a display 114 and an output section 115.
The illumination unit 111 has the configuration described
above, and can irradiate the object with parallel light beams
with a predetermined illuminance from multiple directions.
The object supporting portion 112 supports the object so that
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the interval between the imaging surface of the image sensor
113 and the object becomes equal to or shorter than 10 mm
(typically 1 mm or less).

The illumination unit 111 of this embodiment includes
LEDs as light sources for example. The illumination unit 111
may include LEDs in the three colors of RGB, which are
arranged at four positions. However, the light sources do not
have to be LEDs but may also be light bulbs, laser diodes or
fiber lasers as well. When light bulbs are used, a lens or
reflective mirror which transforms the light emitted from the
light bulbs into a parallel light beam may be used. Still alter-
natively, the light sources may also emit infrared light or
ultraviolet light. Color filters which either change or filter out
the wavelengths of the light emitted from the light sources
may be arranged on the optical path.

The illumination unit 111 may include either a plurality of
light sources as shown in FIGS. 5A to 5C or a single light
source which is supported movably as shown in FIG. 6 so as
to change the direction of the light that is going to be incident
on the object.

The object supporting portion 112 is a member for support-
ing the object during an image capturing session, and may be
the upper surface of the image sensor 113. Optionally, the
object supporting portion 112 may have a mechanism to
support the object so that its position does not change during
an image capturing session. The object supporting portion
112 may be configured to put the object 30 on the image
sensor 113 with almost no gap left between them.

FIG. 18 illustrates the relative arrangement of the object 30
on the image sensor 113 with respect to the light source 10.

The distance D from the light source 10 to the object 30
may be set to be equal to or longer than 1 m, for example. To
prevent the image from getting blurred, the interval L
between the imaging surface of the image sensor 113 and the
object 30 may be set to be equal to or smaller than
100 um (=1x10~*m), e.g., 1 um (=1x107° m). Supposing D=1
m and L=1x107% m, if the light source 10 shifts X m horizon-
tally and laterally, the light ray going out of the light source 10
and passing through a point A on the object 30 will be incident
ata point on the imaging surface which has also shifted AX m.
Since AX/X=D/L is satisfied, X may be reduced to 0.1 m or
less to decrease AX to 0.1 um (=1x10~7 m) or less. It is easy
to set the positional shift X of the light source 10 to
be 0.1 m (=10 cm) or less when the position of the light source
10 is adjusted. When an image sensor 113 with a pixel pitch
K of about 1 um is used, the distance from the image sensor
113 to the light source 10 may be set to be approximately 1 m.
In that case, even if the light source has caused a positional
shift X of several cm or so, the image quality will not be
debased. Also, in view of these considerations, if red, green
and blue light sources (which will be hereinafter referred to as
“RGB light sources™) are arranged in a particular light source
direction close to each other so as to fall within the range of
0.1 m (=10 cm) or less, those light sources may be handled as
a single light source.

In this embodiment, the image sensor 113 may be com-
prised of approximately 4800x3600 pixels, for example. In
that case, the pixel pitch K may be set to be approximately 1.3
um, for example. Also, the interval between the imaging
surface and the upper surface of the image sensor, i.e., the
interval L between the imaging surface and the object, may be
set to be approximately 1.3 um, for example. In this embodi-
ment, the aperture ratio of the image sensor 113 may be, but
does not have to be, 25%.

Next, an exemplary relative arrangement between the light
sources 10 of the illumination unit 111 and the image sensor
113 will be described with reference to FIG. 19.
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The illumination unit 111 shown in FIG. 19 includes four
light sources 10A, 10B, 10C and 10D at a position which is
about 1 m away from the image sensor 113. From these light
sources 10A, 10B, 10C and 10D, emitted are light beams,
each having a spread of about %100 [rad] or less. Each of these
light beams is a substantially parallel light beam. In FIG. 19,
shown are four photodiodes 40 which are associated with four
pixels that are arranged in two columns and two rows, and
also shown are four light rays incident on one photodiode 40
of interest among those four. These four light rays correspond
to the respective center axes of the four light beams (which
will be hereinafter simply referred to as “optical axes”) emit-
ted from the light sources 10A, 10B, 10C and 10D. On the
object 30 shown in FIG. 19, boundary lines are drawn for
convenience sake to define sixteen regions which are
arranged in four rows and four columns. Actually, however,
such lines are not drawn on the real object 30. But these
boundary lines are just drawn on the object 30 to clearly
indicate exactly what region of the object 30 a light ray has
been transmitted through before being incident on a single
photodiode 40. Among those sixteen regions defined by the
boundary lines, ones that are located right over the respective
photodiodes 40 are shadowed.

A first light source 10A is located right over the image
sensor 113 and its optical axis intersects at right angles with
the imaging surface. That is to say, the optical axis of the first
light source 10A is parallel to a normal to the imaging surface.
In this description, the point at which the optical axis of the
first light source 10A intersects with the upper surface of the
image sensor 113 (or the object) will be hereinafter referred to
as a “reference point™.

The optical axis of a second light source 10B is tilted in the
negative Y-axis direction with respect to a normal to the
imaging surface. The point at which the optical axis of the
second light source 10B intersects with the upper surface of
the image sensor 113 (or the object) has shifted by K/2 in the
negative Y-axis direction with respect to the reference point.
The optical axis of a third light source 10C is tilted in the
negative X-axis direction with respect to a normal to the
imaging surface. The point at which the optical axis of the
third light source 10C intersects with the upper surface of the
image sensor 113 (or the object) has shifted by K/2 in the
negative X-axis direction with respect to the reference point.
The optical axis of a fourth light source 10D is tilted in a
direction which has rotated /4 radians from the negative
X-axis direction with respect to a normal to the imaging
surface. The point at which the optical axis of the fourth light
source 10D intersects with the upper surface of the image
sensor 113 (or the object) has shifted by K/2 in each of the
negative Y-axis and negative X-axis directions with respect to
the reference point.

The “irradiation direction” of illuminating light is deter-
mined by the relative arrangement of its light source with
respect to the object (or imaging surface). In this description,
the imaging surface is regarded as a reference plane and the
direction from which an illuminating light ray has come
before being incident on the imaging surface is defined to be
the “irradiation direction”. Supposing the horizontal and ver-
tical directions on the imaging surface are X and Y axes,
respectively, and anormal to the imaging surface is Z axis, the
irradiation direction may be determined by a vector in the
XYZ coordinate system. The irradiation direction may be an
arbitrary one, so is the number of irradiation directions.

The irradiation direction that is perpendicular to the imag-
ing surface may be represented by the vector (0, 0, 1). If the
interval between the imaging surface and the object is L,
sixteen different irradiation directions 6 1 through 6 16 may
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be represented by the vectors (0, 0, L), (K/4, 0, L), (2K/4, 0,
L), (3K/4, 0, 1), (0, K/4, L), (K/4, K/4, L), (2K/4, K/4, 1),
(3K/4,K/4,1), (0, 2K/4,L), (K/4, 2K/4, L), (2K/4, 2K/4, 1),
(3K/4,2K/4,1),(0,3K/4, 1), (K/4,3K/4,1), (2K/4,3K/4,L)
and (3K/4, 3K/4, L), respectively. Another angle at which the
same images can be captured may also be adopted.

It should be noted that the points at which the light rays
emitted from the light sources 10A, 10B, 10C, and 10D are
incident on the object before entering the same photodiode do
not have to shift by K/2 parallel to the X- or Y-axis. Alterna-
tively, the magnitude of that shift may be (odd number)x(K/
2). Supposing M and N are odd numbers, the magnitude of
that shift may be represented by |(MK/2, NK/2, 0)| according
to vector notation. Also, if the aperture ratio is 1/9 as in the
second embodiment to be described later, the points at which
the light rays coming from respective light sources are inci-
dent on the object before entering the same photodiode will
shift by K/3 or 2K/3 parallel to the X- or Y-axis.

Also, even though the optical axis of the light source 10A
is defined to intersect with the imaging surface at right angles,
the optical axis of every light source 10A, 10B, 10C, 10D may
define a tilt angle with respect to a normal of the imaging
surface. Alternatively, an arrangement in which at least one
light source 10 is supported movably and moves to an appro-
priate position to emit a light beam in a predetermined direc-
tion from that position may also be adopted as already
described with reference to FIG. 6.

FIG. 20 shows an exaggerated distribution of the angles of
incidence of multiple light rays that have been emitted from a
single light source 10. A light ray is incident perpendicularly
onto a region which is located right under the light source 10.
On the other hand, a light ray is incident obliquely onto a
region which is located at an end portion of the imaging
surface. Suppose the distance D from the imaging surface to
the light source 10 is set to be approximately 1 m. The dis-
tance C from the center of the image sensor to the end portion
is at most 10 mm (=1x1072 m). Also, in this example, L=1x
107° m. Ideally, the light coming from the light source should
be incident perpendicularly, but is incident obliquely onto
such an end portion of the imaging surface. That is why the
point of incidence of such an obliquely incident light ray
shifts AX with respect to the point of incidence of the perpen-
dicularly incident light ray. When the exemplary set of
numerical values described above is adopted, C/D=Ax/L. is
satisfied. Thus, Ax=(LC)/D=(1x10"%x1x1072)/1=1x10~3=10
nm is satisfied. That is to say, depending on whether the light
ray has passed through the center or an end portion of the
image sensor (i.e., depending on which portion of the object
the light ray has passed through) before being incident on the
photodiode, a magnitude of shift Ax of at most 10 nm will be
caused. If the pixel pitch K is 1 pum (=1x107% m),
Ax=10 nm (=1x10~% m) is smaller than the pixel pitch K by
two digits. That is why as long as the distance D from the
imaging surface to the light source 10 is set to be an appro-
priate value with the size of the imaging surface taken into
account, the light source direction with respect to the object
may be regarded as constant for the same light source, no
matter where the light come from with respect to the object.

Now take a look at FIG. 17 again. The image processing
section 12 of this embodiment includes an illumination con-
dition adjusting section 121, an image information getting
section 122, a light source position determining section 123,
and an image forming processing section 124. These compo-
nents may be implemented as respective functional blocks of
a computer that performs the function of the image process-
ing section 12 and may have their functions performed by
executing a computer program stored on a storage medium.
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The storage device 13 includes a light source position infor-
mation server 131 and a low-resolution image server 132. The
storage device 13 may be a hard disk drive, a semiconductor
memory or an optical storage medium, or may also be a
digital server which is connected to the image processing
section 12 through a digital network such as the Internet.

The illumination condition adjusting section 121 of the
image processing section 12 adjusts various illumination con-
ditions (including the light source’s position, its brightness,
the light emission interval, and illuminance) imposed on the
illumination unit 111. The image information getting section
122 controls the image sensor 113 with the illumination con-
ditions set appropriately for the illumination unit 111 and
makes the image sensor 113 capture images as the light
sources to be turned ON are changed one after another. The
image information getting section 122 receives data about the
images (low-resolution images) captured by the image sensor
113 from the image sensor 113. Also, the image information
getting section 122 gets pieces of information defining the
illumination conditions (including light source directions,
emission intensities, illuminance and wavelengths) from the
illumination condition adjusting section 121 in association
with the image data received.

The light source position determining section 123 cali-
brates the light source position prior to an image capturing
session. The light source position determining section 123
determines the light source position based on an image of a
calibration sample obtained by the image information getting
section 122. When capturing an image of the calibration
sample, the calibration sample is placed on the object sup-
porting portion 112. The light source position determining
section 123 adjusts the light source position of the illumina-
tion unit 111 based on light source positions as determined
through calibration.

The light source position information server 131 stores, as
a database of positions, information about the light source
position determined by the light source position determining
section 123. Every time the light source position has been
adjusted by the light source position determining section 123,
this database is rewritten.

The low-resolution image server 132 stores, as an image
database, data about the low-resolution images gotten
through the image information getting section 122 and infor-
mation about the illumination conditions that were adopted
when the low-resolution images were captured. In this
embodiment, four low-resolution images are captured by irra-
diating the object with illuminating light beams coming from
four different directions, for example. These low-resolution
images correspond to the images 60a to 60d which are sche-
matically shown in FIG. 14. When the image forming pro-
cessing (to be described later) gets done, the data about the
low-resolution images may be deleted from the image data-
base.

In response to a signal indicating that an image capturing
session has ended from the image information getting section
122, the image forming processing section 124 of the image
processing section 12 respectively gets light source position
information and low-resolution images from the light source
position information server 131 and low-resolution image
server 132 of the storage device 13. Then, the image forming
processing section 124 gets resolution enhancement done
based on the principle described above (see FIGS. 14 and 19).
That is to say, by combining pixel values that form the images
60a to 604, a single high-resolution image can be obtained. In
this case, the image forming processing section 124 subjects
the image to color correction, de-mosaicing (also called de-
pixelization) processing, grayscale correction (y correction),
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YC separation processing, overlap correction and other kinds
of correction. The high-resolution image thus obtained is
presented on the display 114 or output to a device outside of
the image forming apparatus 1 through the output section
115. The high-resolution image output through the output
section 115 may be written on a storage medium (not shown)
or presented on another display.

Although a high-resolution image, of which the number of
pixels has been increased fourfold, (i.e., an image which has
been zoomed in at a zoom power of 2x) is supposed to be
formed in the embodiment described above using the image
sensor 113 with an aperture ratio of 25%, N low-resolution
images may be captured by an image sensor with an aperture
ratio of 1/N and a high-resolution image, of which the number
of pixels has been increased N fold, (i.e., an image which has
been zoomed in at a zoom power of N°°) may also be formed.

Although a high-resolution image can be formed according
to this embodiment based on low-resolution images, the low-
resolution images may be used as they are if no high-resolu-
tion image is needed, in particular. According to this embodi-
ment, the zoom power of the image can be changed easily
even without using any lens with a high zoom power.

Next, it will be described with reference to FIG. 21A how
the image forming apparatus 1 of the embodiment described
above performs the initialization and image forming opera-
tions. FIG. 21A is a flowchart showing an exemplary proce-
dure in which the image forming apparatus 1 generates an
image.

[Preparing Step: Adjusting Light Source Position]

After a calibration sample has been set on the object sup-
porting portion 112 to initialize the light source position (in
Step S201), light source position determining processing is
carried out (in Step S202). The calibration sample is a sample
of which the optical transmittance at each position is known
in advance as two-dimensional information. For example, the
calibration sample 500 shown in FIG. 22 is a transparent film
and has a black dot pattern which is arranged in a grid pattern
on the surface. Although only a portion of the calibration
sample 500 for four pixel regions is shown in FIG. 22, the real
calibration sample 500 may be large enough to cover the
imaging surface of the image sensor 113 entirely. In this
example, the black regions are supposed to be regions that are
totally opaque to incoming light for the sake of simplicity.

In the calibration sample 500 shown in FIG. 22, the shape
and locations of its four black regions agree with those of their
associated photodiodes 40. Also, those four black regions are
supposed to be located right over their associated four pho-
todiodes 40. Suppose a situation where a light beam is emitted
from a particular one of the light sources of the illumination
unit 111 (not shown) to irradiate the calibration sample 500.
If the optical axis of that light source intersects with the
imaging surface at right angles, every light ray emitted from
the light source will be cut by the black regions. As a result,
the outputs of the four photodiodes 40 will have values at the
lowest level. On the other hand, if the optical axis of the light
source is slightly tilted with respect to a normal to the imaging
surface, some light rays will not be cut by the black regions
but will be incident on the respective photodiodes 40. As a
result, the outputs of the four photodiodes 40 will have values
at a higher level than the lowest one. If the light source
position is determined so that the optical axis of the light
source intersects with the imaging surface at substantially
right angles and then the outputs of the respective photo-
diodes 40 are detected with the light source position changed,
their outputs may sometimes have local minimum values. In
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that case, decision can be made that the optical axis of the
light source intersects with the imaging surface at right
angles.

In the example described above, the four black regions are
supposed to be totally opaque regions. However, those black
regions do not have to have an optical transmittance of 0%.
Also, although the arrangement of the four black regions
agrees with that of the four photodiodes 40 in the example
illustrated in FIG. 22, the calibration sample 500 does not
have to have such a pattern. Rather, as long as the pattern of
the calibration sample 500 is known in advance, the pattern
may have any arbitrary shape.

The storage device 13 stores sample data associated with a
plurality of light source positions which have been set in
advance with respect to the calibration sample 500. The illu-
minating condition adjusting section 121 chooses a predeter-
mined light source position from a plurality of light source
positions and irradiates the calibration sample 500 with a
light beam. The image sensor 113 captures an image of the
calibration sample 500 which is being irradiated with a light
beam emitted from the predetermined light source position.
Then, the light source position determining section 123 com-
pares the image thus captured to the sample data stored in the
storage device 13. And images will be captured a number of
times with the light source position slightly changed until the
image captured agrees with the sample data. As a result, the
light source position can be determined appropriately. The
relative arrangement of a plurality of light sources may be
determined so that light rays are incident as shown in FIG.
15A, not as shown in FIG. 16A.

[Resolution Enhancing Step]

Next, the object is mounted on or above the object support-
ing portion 112 (in Step S203). In this example, the object is
a pathological specimen. However, the object may also be
light-transmitting sample, of which the thickness is about
several um and of which the shape does not change during the
image capturing session (such as a cell or a sliced tissue).
Optionally, the image capturing session may be carried out
with slide glass reversed. In this case, cover glass 32 may be
put on the upper surface of the image sensor and the sample
may be put on the cover glass. Inthat case, the thickness of the
cover glass 32 is added to the interval L. That is why the light
source position may be adjusted again (see FIG. 23).

Next, to get low-resolution images, images are captured
with four light sources sequentially turned ON one after
another. For example, by defining i=1 (in Step S204), only the
i light source is turned ON (in Step S205). The i image
(low-resolution image) is captured (in Step S207) with the
contrast ratio adjusted (in Step S206).

Next, iis defined to be i+1 (in Step S208) and then decision
is made whether or not i has exceeded N=4 which is the
number of images to be captured (in Step S209). Images are
captured over and over again until i exceeds 4.

The i” low-resolution image captured is stored in an image
buffer. If the decision has been made that i>N is satisfied (i.e.,
if the answer to the query of the processing step S209 is YES),
the image forming processing is carried out. The pixel data
are synthesized together with the pixel locations of the
respective low-resolution images shifted from each other so
that the N low-resolution images are superposed one upon the
other as shown in FIG. 14, thereby forming a high-resolution
image (in Step S210). And that image is sent out as a high-
resolution image output (in Step S211). The high-resolution
image may be either output to the display 114 or supplied to
an external device.

FIG. 24 shows the directions in which light rays are inci-
dent when an image to be zoomed in at a power of 3x in each
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of'the X and Y directions is going to be captured by an image
sensor with an aperture ratio of 1/9.

FIG. 21B is a flowchart showing another exemplary opera-
tion of an image forming apparatus according to this embodi-
ment. In this example, the light source position is determined
by calculation each time. According to this procedure, the
angle of irradiation of the light source is calculated in Step
S301 and then the light source position is determined in Step
S302. After that, the other processing steps S205 to S210 will
be performed just as described above.

FIG. 21C is a flowchart showing still another exemplary
operation of an image forming apparatus according to this
embodiment. In this example, the light source position is
determined by experiment, not by calculation.

A method of adjusting the angle in the X and Y directions
will be described. If the pitches are different in the X and Y
directions, for example, the angle needs to be adjusted in each
of'the X andY directions. In the following example, however,
the adjustment is supposed to be made only in the Y direction
for the sake of simplicity. If the angle does not have to be
readjusted in both of the X and Y directions, then the angle
may be adjusted in just one of the two directions and the angle
obtained in that direction may be used.

Now it will be described with reference to FIGS. 27 and 28
how to adjust the angle. FIG. 27 illustrates an image obtained
by the image information getting section 122 with the light
source B turned ON, for example. FIG. 28 illustrates an image
obtained by the image information getting section 122 with
the light source H turned ON, for example. These images have
been captured with light rays that have been transmitted
through the same portions of a calibration sheet.

A procedure of operations is carried out in accordance with
the flowchart shown in FIG. 21C in order to obtain an appro-
priate angle of irradiation at which a shift of 0.5 pixels will be
caused in the Y direction. In this case, certain angles of
irradiation are supposed to be 6 and 6. If 0 is the right angle
to be obtained, then the images obtained in those directions
will be two images which shift from each other by one pixel
as shown in FIGS. 27 and 28. On the other hand, if 0 is not the
right angle to be obtained, then images obtained will shift
from each other by less than, or greater than, one pixel. Then,
subpixel matching is carried out on those images by an arbi-
trary method such as SSD (Sum of Squared Difference)
parabola fitting method, thereby obtaining appropriate 0
again. By performing this series of processing steps over and
over again, the magnitude of shift between the two images
will be substantially equal to one pixel with an error falling
within an arbitrary tolerance range, when the angle will be
determined.

0 may be any arbitrary appropriate initial value. For
example, 6 may be the angle used in the previous shooting
session or an estimated value obtained by simple calculation.

Embodiment 2

A second embodiment of an image forming apparatus
according to the present disclosure will be described with
reference to FIGS. 25 through 29. In this embodiment, the
number of light sources is increased from four to nine as
shown in FIGS. 25 and 26. In the other respects, however, the
apparatus of this embodiment has the same configuration as
the image forming apparatus of the first embodiment
described above.

The light source position determining section 123 sequen-
tially turns ON nine light sources A, B, C, D, E, F, G, H, and
I one after another, and an image is captured every time one of
these light sources is turned ON. By synthesizing together the
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nine images thus captured, a high-resolution image which has
been zoomed in at a zoom power of 2x can be obtained with
higher definition.

The images shown in FIGS. 27 and 28 described above are
captured and compared to each other. The light source posi-
tion is determined so that those images shift from each other
by one pixel pitch. And the light source position is adjusted in
the illumination unit 111. The position of any other light
source can also be adjusted in the same way.

Next, it will be described with reference to FIG. 29 how to
perform the processing of increasing the definition. Accord-
ing to this embodiment, after this processing gets done, a
high-resolution image which has been zoomed in at a zoom
power of 2x (and of which the number of pixels has been
increased fourfold) can be obtained based on nine images
shot.

FIG.29is aplanview schematically illustrating the relative
arrangement between some area of the object arranged on the
image sensor and a portion of the imaging surface which is
located under that area. In FIG. 29, shown are four photo-
diodes (PDs) 40a, 405, 40c and 40d. The object’s area shown
in FIG. 29 is divided into nine regions (1, 1), (1, 2), (1, 3), (2,
1,(2,2),(2,3),(3,1),(3,2),and (3, 3) which are arranged in
three columns and three rows. In this case, a region located at
row j, column k position is identified by the reference sign (j,
k). In this example, a set of four regions as a whole has the
same size as a single pixel, and eventually the resolution can
be increased fourfold by the same method as what has already
been described for the first embodiment.

When the object is irradiated with an oblique light beam
emitted from the light source A shown in FIG. 25, the light ray
transmitted through the central region (2, 2) of the object is
incident on the photodiode 404. When the object is irradiated
with an oblique light beam emitted from the light source I, the
light ray transmitted through the region (2, 2) is incident on
the photodiode 40a. When the object is irradiated with an
oblique light beam emitted from the light source C, the light
ray transmitted through the region (2, 2) is incident on the
photodiode 40c. When the object is irradiated with an oblique
light beam emitted from the light source G, the light ray
transmitted through the region (2, 2) is incident on the pho-
todiode 405. On the other hand, if the object is irradiated with
a light beam emitted from the light source E, for example, the
light beam will travel perpendicularly to the imaging surface,
and therefore, will be transmitted through the region (2, 2)
and then incident on a portion right under the region (2, 2).
That is to say, the light beam transmitted through the region
(2, 2) will not be incident on any photodiode in that case. In
the same way, the light beams emitted from the light sources
B, D, F and H will not be incident on any photodiode after
having been transmitted through the region (2, 2).

The nine images captured by sequentially turning ON the
nine light sources A, B, C, D, E, F, G, H, and I one after
another and performing a shooting session every time one of
those light sources is turned ON will be identified herein by
P,, Ps Pe, Py, Py, Pr, P, Py, and P, respectively. Among
these nine images P, through P,, a single pixel, of which the
pixel value mirrors the transmittance of the region (2, 2), will
be present in each of the four images P, P, P; and P,. And
by averaging these four associated pixel values, more accu-
rate information about the transmittance of the region (2, 2)
can be obtained.

In FIG. 29, four bold arrows extended from the four pho-
todiodes (PDs) 40a, 405, 40¢ and 404 point toward the central
region (2, 2). This means that the pixel value of the region (2,
2) can be determined based on the respective outputs of the
four photodiodes (PDs) 40a, 405, 40¢ and 404d. For example,
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if the respective outputs of these four photodiodes (PDs) 40a,
405, 40c and 404 (obtained from the four images P, P, P
and P,) are added together and if the sum is divided by four, an
averaged pixel value can be obtained. However, there is no
need to use all of the outputs of the four photodiodes (PDs)
40a, 405, 40c and 40d to determine the pixel value of the
region (2, 2).

Next, it will be described how to get the pixel values of
other regions of the object. First, it will be described how to
get the pixel values of the regions (1, 2) and (3, 2).

When the object is irradiated with a light beam emitted
from the light source D, the light rays transmitted through the
regions (1, 2) and (3, 2) are incident on the photodiodes 405
and 404, respectively. The image captured in such a situation
is an image P,,. When the object is irradiated with a light beam
emitted from the light source F, the light rays transmitted
through the regions (1, 2) and (3, 2) are incident on the
photodiodes 40a and 40c¢, respectively. The image captured in
such a situation is an image P.. As can be seen, in the two
images, there are pixels of which the pixel values mirror the
respective transmittances of the regions (1, 2) and (3, 2). And
by averaging these two associated pixel values, more accurate
information about the transmittances of the regions (1, 2) and
(3, 2) can be obtained.

In FIG. 29, two arrows extended from the two photodiodes
(PDs) 40a and 405 point toward the region (1, 2), for example.
This means that the pixel value of the region (1, 2) can be
determined based on the respective outputs of the two photo-
diodes (PDs) 40a and 405. For example, if the respective
outputs of these two photodiodes (PDs) 40a and 406 are
added together and if the sum is divided by two, an averaged
pixel value can be obtained. The same can be said about the
other region (3, 2), too.

Next, it will be described how to get the pixel values of the
regions (2, 1) and (2, 3). Although the light beam travels in a
different direction from the light beam incident on the regions
(1, 2) and (3, 2), the same can be said about these regions (2,
1) and (2, 3) as about the regions (1, 2) and (3, 2).

When the object is irradiated with a light beam emitted
from the light source B, the light rays transmitted through the
regions (2, 1) and (2, 3) are incident on the photodiodes 40c
and 40d, respectively. When the object is irradiated with a
light beam emitted from the light source H, the light rays
transmitted through the regions (2, 1) and (2, 3) are incident
on the photodiodes 40a and 404, respectively. As can be seen,
in the two images P and P, there are pixels of which the
pixel values mirror the respective transmittances of the
regions (2, 1) and (2, 3). And by averaging these associated
pixel values, more accurate information about the transmit-
tances of the regions (2, 1) and (2, 3) can be obtained.

Optionally, an image forming apparatus according to the
present disclosure may include an illumination system with a
tilting mechanism which tilts the object and the image sensor
together. In that case, even if the light source position is fixed,
the light source direction with respect to the object can also be
changed by getting the object and the image sensor rotated by
the tilting mechanism. Such an illumination system can get
the object and the image sensor tilted together and can
sequentially irradiate the object with illuminating light beams
coming from multiple different light source directions with
respect to the object.

Modified Example

FIG. 30 schematically illustrates a configuration for a
modified example including a holder which holds the object
and image sensor (which will be hereinafter referred to as an
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“object of shooting 140”) in an attachable and removable
state. The object of shooting 140 can be a prepared specimen
in which the object and image sensor are combined together.
Inthis example, an angle of illumination adjusting section has
a mechanism which changes the orientation of the object of
shooting 140. This mechanism includes two gonio systems
120 which can rotate the object within a perpendicular planes
that intersect at right angles. The center of rotation 150 of the
gonio systems 120 is located at the center of the object in the
object of shooting 140. In this modified example, the gonio
system 120 can change the irradiation direction of the illumi-
nating light, and therefore, the light source 10P may be fixed.
Also, in this modified example, the light source 10P is con-
figured to emit a parallel light beam. Alternatively, the image
forming apparatus of this modified example may include a
plurality of parallel light beam sources 10P as shown in FIG.
31.

In this case, the configuration in which the light source 10P
is fixed and the object of shooting 140 is moved is advanta-
geous than the configuration in which the object of shooting
140 is fixed and the light source 10P is moved, because the
former configuration contributes to getting the shooting ses-
sion done in a shorter time. This is also because the distance
L1 from the object of shooting 140 to the light source 10P is
so much longer than the interval 1.2 between the object and
the image sensor that form the object of shooting 140 that the
light source 10p should be significantly moved proportionally
to the long distance according to the latter configuration. By
getting the shooting session done in a shorter time, even if the
object changes with time on a second basis (e.g., even if the
object is luminescence from a biological sample), an appro-
priate image can also be shot.

FIG. 32 illustrates a configuration for a modified example
in which a mechanism for changing the object’s orientation
includes a gonio system 120 and a rotating mechanism 122.
By combining the rotation of the object of shooting 140 which
is caused by the gonio system 120 within a perpendicular
plane with the rotation of the object of shooting 140 which is
caused by the rotating mechanism 122 around a perpendicu-
lar axis, the object of shooting 140 can be irradiated with an
illuminating light beam coming from any arbitrary irradiation
direction. A point 150 is located at the center of rotation of the
gonio system 120 and at the center of rotation of the rotating
mechanism 122.

Alternatively, the image forming apparatus of this modi-
fied example may include a plurality of parallel light beam
sources 10p as shown in FIG. 33.

FIG. 34 illustrates an exemplary optical system which can
increase the degree of parallelism of the light emitted from a
light source and can make a parallel light beam incident on the
object. In this example, a lens 130 which collimates divergent
light emitted from the light source is provided for an XY
moving mechanism (moving stage) 124. Along with the mov-
ing stage 124, the object of shooting 140 can be moved by an
arbitrary distance along the X axis and/or the Y axis within a
horizontal plane.

FIG. 35 illustrates how an illuminating light beam is inci-
dent obliquely onto the object of shooting 140 which has
moved a predetermined distance in a specified direction
within a horizontal plane. Even if the position of the light
source 10a is fixed, the irradiation direction of the illuminat-
ing light beam can also be controlled by adjusting the position
of the object of shooting 140. Alternatively, the image form-
ing apparatus of this modified example may include a plural-
ity of light sources as shown in FIG. 36. If a plurality of light
sources 10a, 105 and 10c¢ are provided as shown in FIG. 36,
then the mechanism to move the object of shooting 140 may
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be omitted or an XY moving mechanism (moving stage) 124
may be provided as shown in FIG. 37. By changing the
position of the light source 10a, 105, 10c¢ to turn ON and/or
the position of the object of shooting 140 as shown in FIGS.
38, 39 and 40, an illuminating light beam can be made inci-
dent on the object of shooting 140 at any intended angle of
incidence.

FIG. 41 illustrates schematically a configuration for a
modified example in which two gonio systems 120 support a
parallel light beam source 10P. FIG. 42 illustrates schemati-
cally a configuration for a modified example in which a gonio
system 120 and a rotating mechanism 122 support a parallel
light beam source 10P.

In these modified examples, either a light source which
emits a parallel light beam or an optical system which
increases the degree of parallelism of the light emitted from a
light source is used. However, these are just examples of
embodiments of the present disclosure. As described above, if
the distance from the light source to the object is sufficiently
long, light which can be regarded as a substantially parallel
light beam will be incident on the object.

Ifalight source which irradiates the object with light and of
which the orientation and position are fixed is used and if a
tilting mechanism which tilts the object at multiple tilt angles
is provided, an image sensor which is arranged at a position
where the light that has been transmitted through the object is
incident and the object can get tilted together by the tilting
mechanism, and a plurality of images can be captured at the
multiple tilt angles.

According to an exemplary aspect of the present disclo-
sure, a specimen management apparatus includes a sample
image capture device and an information processing device.
The sample image capture device includes a sample support-
ing portion on which a pathological sample is put and an
image sensor configured to capture an image of the patho-
logical sample at a specified one of multiple resolutions (or
zoom powers). The information processing device is config-
ured to obtain a feature quantity of the image captured by the
sample image capture device and output patient information
of the pathological sample to a display device based on the
feature quantity. In detail, the information processing device
searches a database in which the feature quantity calculated
based on the sample image of a patient is associated with
information about the patient for patient information that
matches the feature quantity of that image. If the database
includes multiple sets of patient information that match the
feature quantity of the image, a high-resolution image having
a higher resolution than that of the image is gotten and the
database is searched for a set of patient information that
matches the feature quantity of the high-resolution image. In
this case, a set of patient information includes at least one of
the patient’s name, the name of his or her disease, findings,
information about other inspections, and clinical informa-
tion.

The sample image capture device which may be used in a
specimen management apparatus according to the present
disclosure can capture a plurality of images of a pathological
sample put on its sample supporting portion at multiple dif-
ferent resolutions (or zoom powers). An example of such a
sample image capture device is a device configured to irradi-
ate a pathological sample put on an image sensor with illu-
minating light and capture a digital image based on the light
transmitted through the pathological sample. With such a
device, there is no need to arrange any objective lens for
imaging between the image sensor and the pathological
sample, and a plurality of images can be captured with the
image sensor and pathological sample arranged close to each
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other. As a result, images, of which the resolutions are com-
parable to a microscope’s, can be captured based on the
arrangement of fine pixels that the image sensor has. The
resolution of the image to be captured can be changed by
getting binning processing done by the image sensor. Alter-
natively, as will be described in detail later, multiple low-
resolution images may be captured with the direction of an
illuminating light beam entering the pathological sample
changed, and the resolution may be enhanced through image
processing.

The information processing device may be a general-pur-
pose computer in which a program according to the present
disclosure is installed. A typical example of such an informa-
tion processing device includes a processor and a memory,
and operates in accordance with an instruction defined by a
program stored in the memory. As a result, the device includ-
ing the processor and the memory can function as a whole as
a device including respective functional blocks to be
described later. Those functional blocks that the information
processing device of the present disclosure has may be imple-
mented as either a piece of dedicated hardware or a combi-
nation of hardware and software.

The database in which the feature quantity calculated
based on the sample images of a patient is associated with
information about the patient may be provided in a storage
device that the information processing device has or provided
for data storage or a data server which may be connected to
the information processing device over a digital network. As
the feature quantity of the image, any of various known fea-
ture quantities may be selected. And the patient information
may be searched for by a known matching technique.

A third embodiment of the present disclosure will now be
described with reference to the accompanying drawings.

Embodiment 3

FIG. 43 illustrates an exemplary overall configuration for a
specimen management apparatus according to a third
embodiment.

The specimen management apparatus shown in FIG. 43
includes a sample image capture device 1110 and an infor-
mation processing device 1230. As shown in FIG. 44, the
sample image capture device 1110 includes a sample support-
ing portion 1100 on which a pathological sample 1030 is put
and an image sensor 1220 which captures an image of the
pathological sample 1030 at a specified one of multiple reso-
Iutions (or zoom powers). The image sensor 1220 may be a
two-dimensional image sensor in which a huge number of
photoelectric conversion sections are arranged in columns
and rows on the imaging surface. The photoelectric conver-
sion sections are typically photodiodes which have been
formed in a semiconductor layer or on a semiconductor sub-
strate, and create electric charge based on the incoming light
received. The resolution of the two-dimensional image sensor
depends on the arrangement pitch or arrangement density of
photoelectric conversion sections on the imaging surface. The
arrangement pitch of the respective photoelectric conversion
sections is almost as short as the wavelength of visible radia-
tion. The image sensor 1220 is typically a CCD (Charge-
Coupled Device) image sensor or an MOS (Metal Oxide
Semiconductor) image sensor, for example.

The information processing device 1230 is configured to
obtain a feature quantity of the image captured by the sample
image capture device 1110 and output patient information of
the pathological sample 1030 to a display device 1170 based
on the feature quantity. In detail, the information processing
device 1230 searches a database in which the feature quantity
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calculated based on the sample image of a patient is associ-
ated with information about the patient for a set of patient
information that matches the feature quantity of the image of
the pathological sample 1030.

The information processing device 1230 is connected to an
input device 1160 and the output device 1170. The input
device 1160 allows the user to enter data or an instruction into
this information processing device 1230. Examples of the
input device 1160 include a keyboard, a mouse and a touch-
screen. The output device 1170 may be a display which can
display an image and characters, printer or loudspeaker.
Alternatively, the input device 1160 and output device 1170
may be a device in which a touchscreen and a display device
are integrated together.

If the database includes a set of patient information that
matches the feature quantity of the image, the information
processing device 1230 outputs that set of patient information
to the output device 1170. On the other hand, if the database
includes multiple sets of patient information that match the
feature quantity of the image, then the image processing
device 1230 gets a high-resolution image having a higher
resolution than that of the image and then searches the data-
base for a set of patient information that matches the feature
quantity of the high-resolution image. However, if the data-
base does not include any set of patient information that
matches the feature quantity of the image, then the informa-
tion processing device 1230 receives a set of patient informa-
tion through the input device 1160 and stores the feature
quantity calculated based on the image and the patient infor-
mation in the database in association with each other. In this
case, the sample image capture device 1110 gets a high-
resolution image having a higher resolution than the an image
that has been captured first, and the information processing
device 1230 stores the feature quantities calculated based on
the respective images captured and the sets of patient infor-
mation in the database in association with each other.

FIG. 45 is a block diagram showing an exemplary configu-
ration for a specimen management apparatus according to the
third embodiment of the present disclosure. As shown in FI1G.
45, the specimen management apparatus of this embodiment
includes the sample supporting portion 1100, the sample
image capture device 1110, an image feature quantity calcu-
lating section 1120, an information searching section 1130, a
patient information database (which will be hereinafter sim-
ply referred to as a “database™) 1140, a zoom power changing
section 1150, the input device 1160 and the output device
1170.

A pathological sample 1030, for which patient information
needs to be obtained or updated, is put on the sample support-
ing portion 1100. The pathological sample 1030 may be a
general slide which is used to make a pathological inspection,
for example.

The sample image capture device 1110 captures an image
of'the pathological sample 1030 put on the sample supporting
portion 1100 at one of multiple different zoom powers which
have been set in advance. The image feature quantity calcu-
lating section 1120 calculates an image feature quantity based
on the sample image that has been captured by the sample
image capture device 1110. The information searching sec-
tion 1130 searches the database 1140 in which sets of patient
information and image feature quantities are stored in asso-
ciation with each other for any set of patient information that
matches the image feature quantity that has been calculated
by the image feature quantity calculating section 1120. If
multiple matching results have been found by the information
searching section 1130, the zoom power changing section
1150 changes the zoom power to capture images into a higher
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one (i.e., changes the resolution into a higher one), gets
another image captured by the sample image capture device
1110, and then searches samples at the higher zoom power.

If no set of patient information that matches the image
feature quantity has been found by the information searching
section 1130, then the input device 1160 accepts entry of
patient information as a sample of a new patient. On the other
hand, if any set of patient information that matches the image
feature quantity has been found by the information searching
section 1130, the output device 1170 outputs the patient infor-
mation that has been found.

The operations and configurations of respective sections
according to this embodiment of the present disclosure will
now be described in further detail.

<Operation of Specimen Management Apparatus>

First of all, look at FIG. 46, which is a flowchart showing
the procedure of specimen management.

In Step S10, a sample, for which the patient information
needs to be referred to or updated, is put on the sample
supporting portion 1100, which may have a recess, of which
the size is determined exactly to hold the pathological sample
1030 as shown in FIG. 44. Such a sample supporting portion
1100 can prevent the sample 1030 from shifting while an
image is being captured. In Japan, pathological samples gen-
erally used have a standardized size of 76 mmx26 mm. That
is to say, the sample supporting portion 1100 has a shape into
which a pathological sample 1030 of such a size can be set.

Now take a look at FIG. 46 again. In Step S11, the sample
image capture device 1110 captures an image of the patho-
logical sample 1030 at one of multiple difterent zoom powers
which have been set in advance. FIG. 47 is a block diagram
illustrating an exemplary configuration for the sample image
capture device 1110, which includes an illuminating direction
adjusting section 1120, an illumination unit 1210 and an
image sensor 1220. The sample image capture device 1110
captures an image (e.g., an overall image) of the sample at an
arbitrary zoom power specified by the information processing
device 1230.

When images are being captured at multiple different
zoom powers, the resolution can be increased by using an
inverse matrix calculating section 1240 and a matrix storage
section 1250. The inverse matrix calculating section 1240 and
matrix storage section 1250 may be provided inside the infor-
mation processing device 1230 as shown in FIG. 47. How-
ever, one or both of the inverse matrix calculating section
1240 and matrix storage section 1250 may be provided inside
the sample image capture device 1110. It will be described in
detail later how the inverse matrix calculating section 1240
and matrix storage section 1250 operate.

Next, it will be described with reference to FIG. 48 in what
processing procedure an image is obtained according to this
embodiment.

First, in Step S110, the angle of the parallel illuminating
light beam to irradiate the sample 1030 is adjusted by the
illuminating direction adjusting section 1200. As a method
for adjusting the irradiation direction, a plurality of light
sources (e.g., light sources G1, G2 and G3) may be arranged
as shown in FIG. 49A so as to irradiate the sample 1030 at a
predetermined angle or a single light source G0 may be
moved to define a specified angle as shown in FIG. 49B.

Next, in Step S111, the illumination unit 1210 irradiates the
sample to be shot with a parallel light beam at the angle that
has been adjusted in Step S110. FIGS. 50A and 50B illustrate
how the illuminating direction may be changed. The sample
1030 and the image sensor 1220 have a two-dimensional
arrangement as shown in FIG. 51. In FIGS. 50A and 50B,
illustrated schematically is a cross section of a single pixel
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region including a single photodiode (PD) for the sake of
simplicity. The light that has been incident on the photodiode
PD is converted into an electrical signal through photoelectric
conversion. In FIGS. 50A and 50B, the boldness of the arrows
schematically indicates the amount of light incident on PD.
That is to say, it means that the bolder an arrow pointing
toward a point is, the larger the amount of light incident at that
point.

In the example illustrated in FIG. 50A, the sample is irra-
diated with a parallel light beam coming from right over the
sample. In this case, light rays which have been transmitted
through regions S2 and S3 of the sample 1030 are incident on
the photodiode PD. On the other hand, if the sample is irra-
diated with a parallel light beam at the angle shown in FIG.
50B, light rays which have been transmitted through regions
S2, S3 and S4 of the sample 1030 are incident on the photo-
diode PD. In this example, a half of the light ray that has been
transmitted through each of the regions S2 and S4 of the
sample 1030 is incident on the photodiode PD, while almost
all ofthe light ray that has been transmitted through the region
S3 is incident on the photodiode PD. In this case, the photo-
diode PD will output a different pixel value from the situation
illustrated in FIG. 50A.

In the examples illustrated in FIGS. 50A and 50B, respec-
tive pixel values of the regions S1, S2, S3 and S4 can not be
obtained just by capturing an image in only one irradiation
direction. The sample image capture device of this embodi-
ment can obtain pixel values associated with the light rays
that have been transmitted through those regions S1, S2, S3
and S4 based on a plurality of images that have been shot with
the irradiation direction changed as shown in FIGS. 50A and
50B. Each of these regions S1, S2, S3 and S4 is smaller than
a single pixel and corresponds to a subpixel region. This point
will be described in further detail below.

In this example, the sample 1030 is supposed to be irradi-
ated with light beams coming from four different directions
#1, #2,#3 and #4. Four images are captured with the sample
1030 irradiated with light beams coming from those four
different directions #1, #2, #3 and #4. Now let us focus our
attention on a single pixel which is located at the same posi-
tion among multiple pixels that form those four images. The
outputs of the photodiode PD included in that pixel of interest
are supposed to be Al, A2, A3 and A4, respectively, with
respect to the light irradiation directions #1, #2, #3 and #4.
Also, the optical transmittances of the regions S1, S2, S3 and
S4 of the sample 1030 are supposed to be S1, S2, S3 and S4,
respectively. In that case, in the example illustrated in FIG.
50A, the equation A1=0xS1+1xS2+1xS3+0xS4 is satisfied.
On the other hand, in the example illustrated in F1G. 50B, the
equation A2=0xS1+(%2)xS2+1xS3+(}2)xS4 is satisfied. In
the case of the light irradiation direction #3 (not shown),
A3=0xS1+0xS2+(12)xS3+1xS4 is supposed to be satisfied.
And in the case of the light irradiation direction #4 (not
shown), Ad=(12)xS1+1xS2+(12)xS3+0xS4 is supposed to be
satisfied.

In this example, the transmittances S1, S2, S3 and S4
depend on the tissue architecture of the sample 1030 and are
unknown. The outputs A1, A2, A3 and A4 of the photodiode
PD are obtained by capturing four images. That is why since
simultaneous equations are defined with respect to the four
unknown quantities S1, S2, S3 and S4, S1, S2, S3 and S4 can
be obtained by calculation.

FIG. 52A shows a matrix of coefficients for the simulta-
neous equations in the example described above. By calcu-
lating the inverse matrix of this matrix with respect to the
vector having the outputs Al, A2, A3 and A4 as its compo-
nents, the optical transmittances in those regions S1, S2, S3
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and S4 narrower than a single pixel (i.e., subpixel regions) can
be obtained. As a result, an image of which the resolution has
been increased fourfold can be obtained. In other words, a
high-resolution image, of which the pixel density is four
times as high as that of the image sensor 1120, can be
obtained.

The numerical values (elements) of the matrix shown in
FIG. 52A do not depend on the tissue architecture of the
sample 1030 but do depend on the structure of the image
sensor 1220 and the light irradiation direction. That is to say,
even if the same image sensor 1220 is used but if the light
irradiation direction has changed, the numerical values (ele-
ments) of the matrix change. FIG. 52B shows an exemplary
set of numerical values in a situation where light beams have
been emitted from multiple different directions #1 through
#8. Since the number of subpixel regions is eight in this
example, the optical transmittances in the eight subpixel
regions which are unknown quantities can be determined by
irradiating the sample 1030 with light beams coming from
those different directions #1 through #8 and obtaining eight
outputs with respect to each pixel. As a result, an image of
which the resolution has been increased eightfold can be
obtained. In other words, a high-resolution image, of which
the pixel density is eight times as high as that of the image
sensor 1120, can be obtained.

According to this embodiment, the resolution of the image
can be increased in this manner. In other words, by capturing
a plurality of images with the irradiation direction changed,
multiple sample images, of which the resolutions (zoom pow-
ers) are different from each other, can be obtained, and there
is no need to adjust the focus using an objective lens.

Subsequently, in Step S112, the sample 1030 is shot with
the image sensor 1220. An ordinary image sensor such as a
scanner often uses a line sensor. However, by using an area
sensor such as a CCD image sensor as the image sensor 1220,
an image can be shot at high speeds in a range which is broad
enough to recognize the sample. In addition, the sample
image capture device 1110 of this embodiment does not have
any lens to control the zoom power of shooting but generates
an image at an arbitrary zoom power based on those multiple
images that have been captured with the irradiation direction
changed.

Thereafter, in Step S113, decision is made whether or not
images that need to be used to generate a sample image at the
specified zoom power have all been shot. Ifthe answeris YES,
the process advances to Step S114. Otherwise, the process
goes back to Step S110 to capture an image of the object
irradiated with light at the designated angle.

In Step S114, the information processing device 1230 gen-
erates an image at the specified zoom power based on the
multiple images that have been captured in Steps S110 to
S113 with the irradiation direction changed sequentially. To
generate such an image at the specified zoom power, a matrix
in which the relation between the irradiation direction and the
amount of light incident on the photodiode PD has been
calculated in advance is stored in the matrix storage section
1250. FIGS. 52A and 52B show exemplary matrices each
showing the relation between the irradiation direction and the
light incident on the sensor. Such matrices can be obtained by
calculation based on the angle of irradiation, the size of the
photodiode PD and the size of the pixel to obtain. Those
matrices may also be calculated empirically by, using a
sample in which the optical transmittance of each position is
known, detecting how the amount of light incident on the
photodiode PD changes with the angle of irradiation and
depending on which pixel the light is incident on.
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Supposing the matrix showing the relation between the
irradiation direction and the amount of light incident on the
image sensor is M, the pixel value vector obtained in each
irradiation direction is A, and the optical transmittance vector
to be obtained is S, the equation MS=A is satisfied with
respect to each pixel. Since the matrices M and A are given in
this case, the S can be obtained by multiplying the inverse
matrix of M on both sides. In Step S114, the matrix showing
the relation between the irradiation direction and the amount
of light incident on the photodiode PD is gotten from the
matrix storage section 1250 and each pixel value is calculated
by the inverse matrix calculating section 1240. By using a
sample image capture device 1110 with such a configuration,
an overall image of the sample is shot at an arbitrary zoom
power.

In Step S12 (see FIG. 46), the image feature quantity cal-
culating section 1120 calculates the image feature quantity to
recognize the specimen based on the sample image that has
been obtained in Step S11. As the image feature quantity,
color information such as the average luminance, a shape
feature such as the degree of roundness, or a feature such as
SIFT, HOG or HLAC may be used. Alternatively, as a feature
quantity unique to a pathological image, a feature such as the
distance between nuclei or cells or color ratio between
nucleus and cell may also be used.

Examples of such pathological images are shown in FIGS.
53 and 54. FIG. 53 illustrates an exemplary pathological
sample which was observed at a high zoom power (of 200x or
more, for example). On the other hand, FIG. 54 illustrates an
exemplary pathological sample which was observed at a low
zoom power (of less than 10x, for example). If the zoom
power becomes equal to N (where N is an integer which is
equal to or greater than one), it means that the resolution of the
image (which is represented by either the number of pixels
that form a single image or the pixel density) increases NxN
fold. It should be noted that the zoom power on the display
screen of a display device is defined to be the ratio of the
screen pitch of the display device to the pixel pitch of the
image sensor.

In the case of a pathological sample, if the pathological
sample is observed at a high zoom power, cells and nuclei can
be recognized as shown in FIG. 53. Since the arrangement
and distance between cells or nuclei vary from one sample to
another, the average distance between cells or nuclei may be
used as a feature to recognize the sample. Also, in a patho-
logical sample, the tissue to be observed is transparent as it is,
and therefore, is usually stained to make the texture easily
observable. As a method of staining, HE staining which is a
standard staining method or any of various kinds of immun-
ostaining in which staining is carried out according to the
purpose of a particular test may be adopted. The ratio between
the cell and nucleus which have been stained in different
colors by such a staining method may also be used as a
feature. For example, according to Ki-67 which is an exem-
plary immunostaining method, growing cells are stained in
reddish brown and the other cells are stained in blue. Such a
ratio may be used as not only an index to diagnosis but also
information for recognizing the pathological sample as well.
Optionally, in this processing step, the image feature quantity
to be given a top priority may be changed according to the
zoom power of the pathological sample image. The image
feature of a pathological sample varies significantly accord-
ing to the zoom power for observation, which is one of the
features of a pathological sample. For example, if a patho-
logical sample is observed at as high a zoom power as shown
in FIG. 53, cells and nuclei can be recognized in the resultant
image. On the other hand, if a pathological sample is observed
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at a low zoom power, the overall shape of a pathological
section can be seen in the resultant image as shown in FIG. 54.
Inview of such features, for a low zoom power image, feature
quantities which can be used suitably in normal shape recog-
nition such as the degree of roundness, SIFT (Scale-Invariant
Feature Transform), HOG (Histogram of Oriented Gradient)
and HLAC (Higher-order Local Auto Correlation) may be
used in most cases. As for a high zoom power image, on the
other hand, features unique to a pathological sample such as
the distance between cells or nuclei or the ratio between stain
colors may be used in many cases. For example, if the reso-
Iution of an image is lower than a reference value, at least one
feature quantity selected from the group consisting of the
degree of roundness, SIFT, HOG and HLAC may be obtained
by calculation. On the other hand, if the resolution of the
image is equal to or greater than the reference value, not only
the feature quantity but also the average distance between
cells or nuclei and/or the ratio between multiple different
stain colors may be calculated as well.

In Step S13, the information searching section 1130
retrieves patient data, of which the image feature quantity
agrees with the one calculated in Step S12, from the database
1140. An example of such a database is shown in FIG. 55. The
database stores patient data, in which image feature quantities
calculated based on the pathological sample image, the shoot-
ing zoom power of the sample image on which the image
feature quantities have been calculated and patient informa-
tion are kept in association with each other. By storing patient
information in such a format, the database can be searched for
patient data, of which the image feature quantity agrees with
the one calculated in Step S12. The patient data to be searched
for may be supposed to have image feature quantities that
perfectly agree with the given ones. Also, in a situation where
image feature quantities are expressed as vectors, for
example, if the Euclidean distance between those vectors is
equal to or smaller than a predetermined threshold value,
those images may be regarded as matching ones. Alterna-
tively, the database may also have a format such as the one
shown in FIG. 56. According to the format shown in FIG. 56,
by assigning an ID to each individual patient, results of tests
which were carried out on the same patient in different stains
are stored in association with each other. Currently, a patho-
logical test (histological diagnosis) is often carried out with
an immunostaining method adopted for the purpose of a
particular test, as well as the standard staining method HE
(hematoxylyne-eosine). Staining samples of the same patient
often have quite different colors but substantially the same
sample shape as in the example illustrated in FIGS. 57A and
57B. The reason is that when samples in multiple different
stains are made out of the same patient, those samples are
often made of a series of slices. Since sample images of a
specimen have been captured as images according to the
present disclosure, the same patient’s samples in multiple
different stains can get automatically associated with each
other by comparing the feature quantities in shape of the
images captured by taking advantage of those properties of
pathological samples.

In Step S14, decision is made whether or not the database
1140 includes any set of patient data with the same image
feature quantity as the one calculated in Step S12 as a resultof
the search in Step S13. If the answer is NO, the process
advances to Step S15. On the other hand, if the answer is YES,
the process advances to Step S17.

In Step S15, the user is prompted to enter, using the input
device 1160, patient information associated with the patho-
logical sample put in Step S10. Next, in Step S16, the patient
information that has been entered in Step S15 is stored, in
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association with the sample image’s zoom power obtained in
Step S11 and the image feature quantity calculated in Step
S12, in the database 1140.

In Step S17, decision is made whether or not the database
1140 includes multiple sets of patient information with the
same image feature quantity as the one calculated in Step S12
as a result of the search in Step S13. If the database includes
multiple sets of patient information with the same image
feature quantity and if those sets cannot be narrowed down to
one, the process advances to Step S18. On the other hand, if
the database includes only one set of patient data, of which the
image feature quantity agrees with the given one, then the
process advances to Step S19.

If those sets of patient information cannot be narrowed
down to one, then the sample image capture device changes
the shooting zoom power in Step S18 and the process goes
back to the processing step S11 again. In the case of a patho-
logical sample, even if given samples have similar shapes at a
low zoom power but if those samples are observed at a high
zoom power to a cell or nucleus level, those samples can be
recognized without fail. On the other hand, a tradeoff is
inevitable between the amount of time it takes to capture
sample images in Step S11 and the zoom power. That is why
it will be efficient to try to recognize a given sample at a low
zoom power first and then increase the zoom power gradually
unless the sample can be recognized. For example, the series
of processing steps S11 through S17 are carried out over and
over again with the zoom power increased gradually until the
sets of patient information can be narrowed down to one.
Optionally, in adding the patient information of a new sample
to the database, the database may be searched for a matching
case using only non-color-dependent shape features among
various image feature quantities. And if there is any matching
case, that case may get associated as a sample of the same
patient in a different stain.

In Step S19, the output device 1170 outputs the patient
information that has been obtained in Step S13. The output
device 1170 does not have to include a display device or a
printer. Instead, the output device 1170 may be connected to,
and send a signal to, an external display device or printer.

According to the configuration of this embodiment, speci-
men management can be made on pathological samples accu-
rately with little load imposed on the operator. In addition,
according to the specimen management method of this
embodiment, conventional slides can be used as they are
without adding a barcode or IC tag to pathological slides.

Embodiment 4

Next, a specimen management apparatus according to a
fourth embodiment of the present disclosure will be described
with reference to FIGS. 58A, 58B and 59.

A sample image capture device 1110 according to this
embodiment shoots a sample 1030 put on a sample support-
ing portion while moving the sample as shown in FIGS. 58A
and 58B, thereby capturing a plurality of images to generate
a high-zoom-power sample image. Except the configuration
of'this sample image capture device 1110, the specimen man-
agement apparatus of this embodiment has the same configu-
ration as its counterpart of the third embodiment described
above.

FIG. 59 is a block diagram illustrating a configuration for
the sample image capture device 1110 of this embodiment. In
this embodiment, by shooting the sample with the sample
itself moved, instead of capturing a plurality of images with
the irradiation direction of a parallel light beam changed, a
plurality of images to form a high-zoom-power image are
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captured. In the matrix storage section 1250, stored is a matrix
representing the relation between the moving direction, the
magnitude of movement, and the light beam incident on the
image sensor, in place of the matrix representing the relation
between the irradiation direction and the light beam incident
on the image sensor. The sample image capture device 1110
of this configuration can perform the function of getting an
image at an arbitrary zoom power by carrying out substan-
tially the same series of processing steps as Steps S110
through S114. In Step S110, however, the sample put on the
sample supporting portion is moved instead of changing the
angle of irradiation of a parallel light beam. According to this
configuration, the direction of the parallel light beam to irra-
diate the pathological sample may be constant. By perform-
ing quite the same series of processing steps S111 through
S114 as the ones of the third embodiment described above, a
high-zoom-power image can be generated based on a plural-
ity of low-zoom-power images.

The image forming apparatus of the present disclosure can
obtain a high-zoom-power image without using a micro-
scope, with which it will take a lot of time to get focusing
done, and therefore, can obtain high-zoom-power image data
in a short time even if the object is a pathological sample with
a microscopic tissue.

An image forming method according to another aspect of
the present disclosure includes the steps of: sequentially emit-
ting illuminating light beams from multiple different light
source directions with respect to an object and irradiating the
object with the illuminating light beams; capturing a plurality
of different images in the multiple different light source direc-
tions, respectively, using an imaging device which is arranged
at a position where the illuminating light beams that have
been transmitted through the object are incident; and forming
a high-resolution image of the object, having a higher reso-
Iution than any of the plurality of images, by synthesizing the
plurality of images together.

An image forming apparatus according to the present dis-
closure may include the illumination unit and image sensor
described above and a general-purpose computer. The com-
puter may be configured to: make the illumination unit
sequentially emit illuminating light beams from multiple dif-
ferent light source directions with respect to an object and
irradiate the object with the illuminating light beams; capture
a plurality of different images in the multiple different light
source directions, respectively, using an imaging device
which is arranged at a position where the illuminating light
beams that have been transmitted through the object are inci-
dent; and form a high-resolution image of the object, having
a higher resolution than any of the plurality of images, by
synthesizing the plurality of images together. Such an opera-
tion may be performed by executing a computer program
stored on a storage medium.

An image forming apparatus as one implementation of the
present disclosure comprises: an illumination system which
sequentially emits illuminating light beams from multiple
different irradiation directions with respect to an object and
irradiates the object with the illuminating light beams; an
image sensor which is arranged at a position where the illu-
minating light beams that have been transmitted through the
object are incident and which captures a plurality of different
images in the multiple different irradiation directions, respec-
tively; and an image processing section which forms a high-
resolution image of the object, having a higher resolution than
any of the plurality of images, by synthesizing the plurality of
images together.
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In one embodiment, the object is arranged close to the
image sensor, and the object and the image sensor face each
other with no lenses interposed between the object and the
image sensor.

In one embodiment, the interval between an imaging sur-
face of the image sensor and the object is equal to or shorter
than 100 um.

In one embodiment, each of the plurality of images
includes images representing respectively different portions
of the object.

In one embodiment, the object is fixed onto the image
sensor, and the image forming apparatus includes a holder
which holds the image sensor in an attachable and removable
state.

In one embodiment, the illumination system irradiates the
object with illuminating light beams coming from at least
four different irradiation directions, the image sensor cap-
tures at least four different images representing respectively
different image portions of the object, and the image process-
ing section forms the high-resolution image of the object by
synthesizing those at least four different images together.

In one embodiment, the image forming apparatus com-
prises an angle of illumination adjusting section which
adjusts the angle of incidence of the light on the object,
wherein the angle of illumination adjusting section adjusts
the angles of incidence of the illuminating light beams on the
object so that the illuminating light beams that have been
sequentially emitted from the illumination system in the mul-
tiple different irradiation directions are transmitted through
different portions of the object and then incident on photo-
electric conversion sections of the image sensor.

In one embodiment, the angle of illumination adjusting
section includes a mechanism which changes at least one of
the object’s orientation and position.

In one embodiment, the mechanism includes at least one of
a gonio system and a moving stage.

In one embodiment, the mechanism includes an optical
system which increases the degree of parallelism of the illu-
minating light beam.

In one embodiment, the illumination system includes an
optical system which increases the degree of parallelism of
the illuminating light beam.

In one embodiment, the illumination system is able to emit
light beams falling within respectively different wavelength
ranges.

In one embodiment, the illumination system includes a
light source which sequentially moves to multiple different
positions corresponding to the multiple different irradiation
directions and emits the illuminating light beams from those
positions one after another.

In one embodiment, the illumination system includes a
plurality of light sources which are arranged at multiple dif-
ferent positions corresponding to the multiple different irra-
diation directions and emit the illuminating light beams
sequentially.

An image forming method as another implementation of
the present disclosure comprises: sequentially emitting illu-
minating light beams from multiple different irradiation
directions with respect to an object and irradiating the object
with the illuminating light beams; capturing a plurality of
different images in the multiple different irradiation direc-
tions, respectively, using an image sensor which is arranged at
a position where the illuminating light beams that have been
transmitted through the object are incident; and forming a
high-resolution image of the object, having a higher resolu-
tion than any of the plurality of images, by synthesizing the
plurality of images together.
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An image forming apparatus as still another implementa-
tion of the present disclosure comprises an illumination unit,
an image sensor and a computer, wherein the computer is
operative to: make the illumination unit sequentially emit
illuminating light beams from multiple different irradiation
directions with respect to an object and irradiate the object
with the illuminating light beams; capture a plurality of dif-
ferent images in the multiple different irradiation directions,
respectively, using the image sensor which is arranged at a
position where the illuminating light beams that have been
transmitted through the object are incident; and form a high-
resolution image of the object, having a higher resolution than
any of the plurality of images, by synthesizing the plurality of
images together.

Yet another implementation of the present disclosure is a
program to be used by an image forming apparatus including
an illumination unit, an image sensor and a computer,
wherein the program is set up to: make the illumination unit
sequentially emit illuminating light beams from multiple dif-
ferent irradiation directions with respect to an object and
irradiate the object with the illuminating light beams; capture
a plurality of different images in the multiple different irra-
diation directions, respectively, using the image sensor which
is arranged at a position where the illuminating light beams
that have been transmitted through the object are incident;
and form a high-resolution image of the object, having a
higher resolution than any of the plurality of images, by
synthesizing the plurality of images together.

An image forming apparatus as yet another implementa-
tion of the present disclosure comprises: a light source which
irradiates an object with light and of which the orientation and
position are fixed; a tilting mechanism which tilts the object at
multiple tilt angles; an image sensor which is arranged at a
position where the light that has been transmitted through the
object is incident, gets tilted along with the object by the
tilting mechanism, and captures a plurality of images at the
multiple tilt angles; and an image processing section which
forms a high-resolution image of the object, having a higher
resolution than any of the plurality of images, by synthesizing
the plurality of images together.

In one embodiment, the object is arranged close to the
image sensor, and the object and the image sensor face each
other with no lenses interposed between them.

In one embodiment, the interval between the image sen-
sor’s imaging surface and the object is equal to or shorter than
100 um.

In one embodiment, each of the plurality of images
includes images representing respectively different portions
of the object.

In one embodiment, the object is fixed onto the image
sensor, and the apparatus includes a holder which holds the
image sensor in an attachable and removable state.

In one embodiment, the tilting mechanism includes at least
one of a gonio system and a moving stage.

In one embodiment, the tilting mechanism includes an
optical system which increases the degree of parallelism of
the illuminating light beam.

In one embodiment, the light source includes an optical
system which increases the degree of parallelism of the illu-
minating light beam.

An image forming method as yet another implementation
of'the present disclosure comprises the steps of: irradiating an
object with illuminating light which has been emitted from a
fixed light source while tilting the object at multiple tilt
angles; capturing a plurality of images at the multiple tilt
angles using an imaging device which is arranged at a posi-
tion where the illuminating light that has been transmitted
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through the object is incident; and forming a high-resolution
image of'the object, having a higher resolution than any of the
plurality of images, by synthesizing the plurality of images
together.

Yet another implementation of the present disclosure is a
program set up to make a computer perform: irradiating an
object with illuminating light which has been emitted from a
fixed light source while tilting the object at multiple tilt
angles; capturing a plurality of different images in a multiple
different irradiation directions using an image sensor which is
arranged at a position where the illuminating light that has
been transmitted through the object is incident; and forming a
high-resolution image of the object, having a higher resolu-
tion than any of the plurality of images, by synthesizing the
plurality of images together.

Yet another implementation of the present disclosure is an
image sensor for use in an image forming apparatus, the
apparatus comprising: a light source which irradiates an
object with light and of which the orientation and position are
fixed; atilting mechanism which tilts the object at multiple tilt
angles; aholder which holds the image sensor in an attachable
and removable state; and an image processing section which
forms, by synthesizing together a plurality of different images
that have been captured by the image sensor, a high-resolu-
tion image of the object having a higher resolution than any of
the plurality of images, wherein the image sensor is arranged
so as to be attachable to, and removable from, the image
forming apparatus, the imaging surface of the image sensor
has an object supporting portion which is a region on which
the object is able to be mounted, and the image sensor is
arranged at a position where the light beams transmitted
through the object are incident while being held by the holder
onto the image forming apparatus and captures the plurality
of different images at the multiple different tilt angles by
getting tilted along with the object by the tilting mechanism.

In one embodiment, the image sensor is arranged on slide
glass, and held by the holder onto the image forming appara-
tus so as to be attachable to, and removable from, the appa-
ratus via a portion of the slide glass.

In one embodiment, an opaque region which limits an
image capturing range is arranged on the object supporting
portion.

An image forming apparatus, image forming method,
image processing program and image sensor according to the
present disclosure contributes to getting a high-resolution
image with the trouble of focus adjustment saved.

While the present invention has been described with
respect to exemplary embodiments thereof, it will be apparent
to those skilled in the art that the disclosed invention may be
modified in numerous ways and may assume many embodi-
ments other than those specifically described above. Accord-
ingly, it is intended by the appended claims to cover all
modifications of the invention that fall within the true spirit
and scope of the invention.

What is claimed is:

1. An image forming apparatus comprising:

a light source which irradiates an object with light and of
which the orientation and position are fixed;

a tilting mechanism which tilts the object at multiple tilt
angles;

an image sensor which is arranged at a position where the
light that has been transmitted through the object is
incident, gets tilted along with the object by the tilting
mechanism, and captures a plurality of images at the
multiple tilt angles; and
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an image processing section which forms a high-resolution
image of the object, having a higher resolution than any
of the plurality of images, by synthesizing the plurality
of images together.

2. The image forming apparatus of claim 1, wherein the
object is arranged close to the image sensor, and

the object and the image sensor face each other with no

lenses interposed between the object and the image sen-
SOr.

3. The image forming apparatus of claim 2, wherein the
interval between an imaging surface of the image sensor and
the object is equal to or shorter than 100 pm.

4. The image forming apparatus of claim 1, wherein each of
the plurality of images includes images representing respec-
tively different portions of the object.

5. The image forming apparatus of claim 1, wherein the
object is fixed to the image sensor, and

the image forming apparatus includes a holder which holds

the image sensor in an attachable and removable state.

6. The image forming apparatus of claim 1, wherein the
tilting mechanism includes at least one of a gonio system and
a moving stage.

7. The image forming apparatus of claim 1, wherein the
tilting mechanism includes an optical system which increases
the degree of parallelism of the illuminating light beam.

8. The image forming apparatus of claim 1, wherein the
light source includes an optical system which increases the
degree of parallelism of the illuminating light beam.

9. An image forming method comprising:

irradiating an object with illuminating light which has been

emitted from a fixed light source while tilting the object
at multiple tilt angles;

capturing a plurality of images at the multiple tilt angles

using an image sensor which is arranged at a position
where the illuminating light that has been transmitted
through the object is incident; and
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forming a high-resolution image of the object, having a
higher resolution than any of the plurality of images, by
synthesizing the plurality of images together.

10. An image sensor for use in an image forming apparatus,
the image forming apparatus comprising: i) a light source
which irradiates an object with light and of which the orien-
tation and position are fixed; ii) a tilting mechanism which
tilts the object at multiple tilt angles; iii) a holder which holds
the image sensor in an attachable and removable state; and
iV) an image processing section which forms, by synthesiz-
ing together a plurality of different images that have been
captured by the image sensor, a high-resolution image of the
object having a higher resolution than any of the plurality of
images,

the image sensor being arranged attachably to, and remov-
ably from, the image forming apparatus,

an imaging surface of the image sensor has an object sup-
porting portion which is a region on which the object is
able to be mounted, and

the image sensor is arranged at a position where the light
beams transmitted through the object are incident while
being held by the holder onto the image forming appa-
ratus and captures the plurality of images at the multiple
different tilt angles by getting tilted along with the object
by the tilting mechanism.

11. The image sensor of claim 10, wherein the image
sensor is arranged above slide glass, and held by the holder
onto the image forming apparatus attachably to, and remov-
ably from, the image forming apparatus via a portion of the
slide glass.

12. The image sensor of claim 10, wherein an opaque
region which limits an image capturing range is arranged on
the object supporting portion.
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